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ABSTRACT
This research investigates the removal of trace organics by membrane bioreactors (MBRs)
under various operating conditions to elucidate the removal mechanisms and factors affecting
the removal efficiency of these contaminants. The reported results show excellent
performance of a laboratory scale MBR system regarding the removal of basic biological
performance with stable removal efficiency throughout over two years. Changes in operating
conditions including mixed liquor pH, temperature, salinity could affect the performance of
the MBR system at extreme conditions. However, the MBR system could quickly recover
after returning to a normal operating condition. In contrast, mixed liquor suspended solid
(MLSS) and dissolved oxygen (DO) concentration could not exert any discernible effects on
the performance of the MBR.
A set of 40 trace organics was selected to investigate the removal efficiencies and the
associated removal mechanisms under a stable operating condition. The study demonstrated
an obvious correlation between molecular features and the removal of trace organic
contaminants by MBR system. The results revealed high removal efficiencies (>85%) of very
hydrophobic trace organic compounds (log D at pH 8 > 3.2). Moreover, the occurrence of
electron withdrawing or electron donating functional groups was found to be another
important factor governing their removal. All hydrophilic and moderately hydrophobic (log D
< 3.2) compounds possessing only electron withdrawing functional groups consistently
showed removal efficiency of well below 20%. In contrast, high removal efficiency was
observed with most compounds bearing electron donating functional groups such as hydroxyl
groups and carboxylic groups.
The effect of mixed liquor pH (between pH 5 and 9) on removal of 10 selected trace organics
was investigated. The results showed that ionisable trace organics (sulfamethoxazole,
ibuprofen, ketoprofen and diclofenac) was strongly pH dependent. High removal efficiency
of these compounds was observed at pH at 5 due to predominant hydrophobic form. This
results in readily adsorb to sludge compared to basic condition. On the other hand, the
removal efficiencies of bisphenol A and carbamazepine which are non-ionisable compounds
were independent of the mixed liquor pH.
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The effect of operating conditions on the MBR performance regarding to removal of trace
organic compound was determined. Four important operating conditions including hydraulic
retention time (HRT), DO concentration, temperature and MLSS concentration were selected
for this study. The results showed that higher HRTs had a large impact on the removal of
compounds which were biodegradable whereas HRT could not influence the removal
efficiency of high persistent biodegradable compounds and hydrophobic compounds. DO
concentrations ranging 2 to 5 mg/L had no discernible influence on the removal of
compounds exception for bisphenol A and estrone. Temperature had also no impact on the
removal efficiency of model compounds exception for carbamazipine with 50% removal at
higher temperature of 25°C. There was some fluctuation of removal efficiencies of
compounds during MLSS experiment. The reported results were not conclusive to ascertain
whether MLSS concentration would have any effects on the removal of trace organic
compounds. This might be because of the unstable sludge retention time (SRT) in the MBR
system.
Change in salinity influent ranging of 1 to 12 g/L in MBR system appeared to exert a small
effect on the removal of basic biological performance when exposed to higher salt
concentration. The soluble microbial product (SMP) in form of protein increased resulting
from disturbance in microbial behaviour. In contrast, with the exception of bisphenol A, no
impact of salinity on removal of selected trace organic contaminants could be observed.
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Chapter 1 Introduction

CHAPTER 1 INTRODUCTION
1.1

Trace organics in wastewater

With the development of more sensitive analytical techniques in recent years, organic
contaminants have been frequently detected at trace levels in secondary treated effluent and
sewage impacted water bodies. Notorious amongst them are two groups known as endocrine
disrupting chemicals (EDCs), and pharmaceuticals and personal care products (PPCPs). The
former consists of a wide range of compounds including natural and synthetic hormones
(such as estradiol, estrone, 17α-ethynylestradiol), pesticides (such as DDT and its
metabolites), industrial chemicals (such as bisphenol A, polychloinated biphenyls (PCBs)).
The latter also consists of a large number of substances that are mostly used in human and
veterinary medicine, diagnostic agents (e.g., X-ray contrast media), and other consumer
chemicals such as fragrances (e.g. synthetic musks), sun-screen agents as well as inert
ingredients used in PPCP manufacturing and formulation.
Trace organic contaminants can enter the environment via several different pathways
including wastewater treatment discharge, industrial discharge, runoff from animal feeding
operations, and treated residue applied to agricultural land [1]. Amongst these, sewage
treatment discharge is considered as a major route that brings trace organic contaminants into
the environment [2] since many of these substances do not degrade completely during
wastewater treatment processes. The occurrence of trace organic compounds has been
reported in sewage treatment plant (STP) effluents and in surface water in many countries
around the world (see for examples [3-7]).
1.2

Impact of trace organic contaminants

The presence of trace organic contaminants in the environment is becoming a matter of great
concern due to the possible impacts on environmental and human health, especially when
considering indirect potable water reuse, where the presence of these contaminants even at
very low concentration could possess a potential risk to the public. Many trace organic
compounds have been identified as potential substances that could cause adverse impact on
1
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aquatic organisms at very low concentrations (i.e., at concentrations in the range of a few
ng/L or less). There have been some clear evidence that endocrine disrupters can cause severe
disruption to endocrine systems and adversely affect hormone control of the development of
aquatic organisms and wildlife [8]. At concentration even as low as 1 ng/L, estradiol (a
natural estrogen) can lead to the induction of vitellogenin, which is a feature only associated
to female fish, in male trout [9]. In addition, Metcalf et al. [10] observed the formation of
ovaries in the testis of Japanese medaka starting at the concentration of 4 ng/L for estradiol
and 0.1 ng/L for 17α-ethynylestradiol. In another example, the commonly found trace organic
compounds - bisphenol – A causes male fish to produce vitellogenin [11]. Moreover, the
effect of observed endocrine disruption in feminisation of fish by wastewater effluent from
STP and hermaphrodism in frogs from pesticide were also reported [12]. Effects of EDCs on
human health have also been suggested, although evidence of these remains limited. For
example, it has been reported that EDCs like diethylstilbestrol may cause decrease sperm
counts in human males [13]. In addition, pharmaceuticals are another group contaminating in
aquatic environment and may lead to adverse effects on aquatic systems [1, 14]. Within the
large group of pharmaceuticals, antimicrobials are of interest because of their potential
impact on the spread and maintenance of antimicrobial resistance and endocrine disruption
[15]. It can be seen that large amount of EDCs and PPCPs are increasingly used and some of
them are extremely persistent and introduced to the aquatic environment in very high
quantities. This urges scientists to pay attention to investigate and eliminate compounds in
order to maintain the environment.
1.3

MBR technology for trace organic removal in domestic wastewater

Membrane bioreactor (MBR) treatment is an emerging technology based on the use of
membranes in combination with the traditional biological treatment. MBRs are considered as
promising technologies to achieve further removal of trace organics compared to
conventional activated sludge process. This is because the membrane prevents the loss of
biological solids and high molecular weight organic solutes from the bioreactor and thus
maintaining a high biomass concentration and enhancing the mineralisation of influent
organic matter. As a result of membrane separation, sludge retention time (SRT) is

2
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independent of hydraulic retention time (HRT). The high sludge age gives the bacteria time
to adapt to these substances. Higher sludge concentration leads to an increased
microbiological concentration in reactor that gives the bacteria time to adapt to degrade
resistant compounds. Consequently, MBR has the potential to treat trace contaminants such
as EDCs and pharmaceutically active compounds (PhACs) which are sometimes designed to
be persistent to induce the required medical effects prior to metabolisation in the body of the
recipients [16, 17].
Although the conventional wastewater treatment processes which are used for treating
municipal wastewater can remove bulk organic matter and suspended solid, their capability in
removal of trace organic contaminants is limited [3]. Their removal efficiency with respect to
trace organic contaminants varies greatly, but generally quite low. Recent research has
showed that sludge retention time (SRT) of at least 10 days is required for effective removal
of some trace organic contaminants. However, most conventional wastewater treatment
plants were designed with a much shorter sludge retention time. For most of the readily
biodegradable compounds, their continuous discharge into receiving water can offset the
natural biodegradation, resulting in a class of “pseudo persistent” organic compounds which
are ubiquitous in sewage impacted water bodies. Moreover, it has been found that some
compounds such as carbamazepine cannot be removed by conventional activated sludge
treatment at all [18, 19]. Considering the likely adverse impacts of EDCs and PPCPs on the
human health and environment, there is an urgent need to study an efficient approach for
removing such trace contaminants in wastewater so as to minimise or eliminate their entry
into natural waters.
The continued push towards stricter effluent discharge standards, increased requirement for
water reuse will undoubtedly further drive the use of MBRs for larger municipal applications
[20]. MBRs are believed to have better performance in term of basic effluent quality
parameters as well as the removal of some trace organic contaminants.

However,

information in the open literature regarding the fate and behaviour of trace organic
contaminants in MBR process and their removal efficiency in comparison to conventional
activated sludge treatment processes is rather limited. Although, a number of dedicated
3
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investigations have been devoted to this subject, to date, there is still a lack of knowledge
about how or when trace organic contaminants can be removed well. Removal mechanisms
as well as removal efficiencies by MBR processes remain limited due to lack of
understanding of the intricate relationship among physiochemical properties of trace organic
contaminants. Data obtained from previous studies are scattered and somewhat controversial,
hindering an effective evaluation of MBR performance with respect to trace organic
contaminant removal. This has, in part, resulted in both inadequate and over-designed
treatment, particularly when involving high risk and contentious applications such as indirect
potable water reuse. It is expected that a comprehensive understanding of MBR performance
with respect to trace organic contaminant removal will result in tremendous economic
savings as well as public confidence in water reuse. In addition, the important factors (e.g.
physicochemical properties, operational parameters) relating to the removal efficiency and
rejection mechanisms of trace contaminants by MBRs should be investigated and clarified.
Therefore, the novel additional data on the removal efficiency and rejection mechanisms of
MBR would contribute to an improved understanding of trace organic contaminants rejection.
1.4

Objectives of the research

This project aims to investigate the MBR process in the removal of trace organic
contaminants in municipal wastewater. The overall goal is to comprehensively understand the
MBR process with respect to its trace organic contaminant removal capacity. The specific
objectives of this study are:
1. to conduct a state-of-the-art critical review of literature on the trace organic
contaminants found in wastewater and determine the performance of MBRs with regards to
such trace organic contaminant removal.
2. to identify and investigate the likely effects of key operating parameters including
pH, hydraulic retention time (HRT), dissolved oxygen concentration, mixed liquor suspended
solid and effect of salinity on the performance of MBRs with respect to the removal of trace
organic contaminants.
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3. to investigate the removal mechanisms with respect to physicochemical properties
of trace organics and molecular structure.
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2 CHAPTER 2 LITERATURE REVIEW
2.1

Introduction

The occurrence of emerging trace organics in reclaimed water resources is of great concern to
the health and safety of the general public. Numerous trace organic contaminants have been
found in wastewaters and in wastewater treatment plant effluents which are the main source
of surface and ground water pollution. It is noteworthy that the existing conventional
wastewater treatment system was not designed for the removal of trace organic contaminants.
On the other hand, it is well established that membrane bioreactor (MBR), which is a recently
developed wastewater treatment process, can offer a better effluent quality with respect to
basic water quality parameters [21-24]. In addition, MBR appears to be a promising
technology that can allow for an enhanced removal of some trace organic contaminants. In
recent years, the applications of MBR in municipal wastewater treatment have exponentially
increased in many countries in response to an increasing demand for high standards of
effluent discharge into sensitive water bodies and the pressing need for wastewater
reclamation and recycling [25]. This chapter describes the basic principle of MBR technology
and the role of MBRs in wastewater treatment. The chapter also provide an overview of the
current scientific research on the groups, sources, occurrence and fate of trace organic
contaminants in wastewater. The current understanding of the removal mechanisms and
various factors affecting the removal efficiency of trace organics by MBRs will also be
delineated.
2.2

MBR in wastewater treatment

2.2.1 MBR technology
MBR process is an advanced wastewater treatment technology which combines activated
sludge process with membrane separation system. Although it has been applied for the
treatment of domestic or industrial wastewater since the 1980s [25], extensive applications of
MBRs have only been realised very recently. The very first MBR application can possibly be
dated back to 1967, when ultrafiltration (UF) membrane was used for separating activated
sludge from final effluent of a wastewater treatment system in the USA. The biomass
(concentration from the UF) was recirculated back to the bioreactor [26]. The first full-scale
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aerobic MBR in North America and in Japan were subsequently commissioned in the late
1970s and the in the early 1980s, respectively [25].
MBR processes have gained great popularity in the water industry in recent years. Compared
to the conventional activated sludge processes, MBRs have several major advantages
including a smaller footprint, more flexibility for future expansion and upgradation, lower
sludge production and better effluent quality [27-29]. In addition, sludge separation is not
dependent on the influent characteristics or the flocculation state of the biological suspension
in the flocs size is much larger than the membrane pores. The biomass concentration can also
be higher than in conventional activated sludge (of up to 10 times), resulting in a much more
intensive treatment process in comparison to conventional activated sludge treatment.
By the turn of the 20s century, more than 500 full scale MBR plants had been in operation
worldwide [25]. In Japan, over 150 MBRs were installed to different types of industrial
wastewater such as food processing and breweries. In the US, there were about 24 municipal
wastewater treatment plants using MBR processes. In Canada, nine MBR installations were
in operation [25]. Similarly, approximately 300 MBR plants for industrial applications and
about 100 municipal MBR wastewater treatment plants were in operation or being
constructed in Europe in 2005 [30]. During the period from 2003 to 2005, approximately
75% of the market volume of MBR was occupied by the municipal wastewater treatment
sector [30].
Interest in MBR application has been increased even more dramatically recently due to the
development of cheaper membranes and the increasing demand for water reuse. As a result of
low membrane cost, large scale MBR plants for municipal wastewater treatment have
become much more technically and economically viable. According to Atkinson [31], the
average annual growth rate of MBR is estimated to be 10.9%. The MBR market is growing at
a faster rate than that of nanofiltration and reverse osmosis and more rapidly than all other
types of membrane systems. Currently, more than 5,000 worldwide MBR plants (both small
and large plants) are under operation [32] .
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2.2.2 MBR configurations
Two basic configurations of MBR operation are shown in Figure 2.1. The first configuration
is based on a recirculated mode with an external membrane unit. It is commonly known as
side stream MBR. In the second configuration, the membrane unit is directly submerged in
the bioreactor, thus eliminating the need for recirculation.
2.2.2.1

Side stream MBR

In side stream configuration, the membrane modules are outside the bioreactor and biomass is
re-circulated through a filtration loop under high pressure (from 1 to 4 bar) as a result of high
energy consumption. This system was originally used in municipal wastewater treatment in
North America in the early 1990s [33].

Figure 2.1: Schematic of the two common membrane bioreactor configurations (a) side
stream MBR; (b) submerged MBR.
The side stream allows a better access to the membrane for cleaning, maintenance, and can
substantially reduce the risk of membrane fouling. The external configuration was considered
to be more suitable for industrial wastewater treatment as a result of its capacity to tolerate
the harsh and highly variable industrial wastewater often characterised by elevated
temperature, high organic strength, extreme pH, high toxicity and low filterability [23].
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2.2.2.2

Submerged MBR

In the mid 1990s, submerged MBR system was developed and have been applied widely used
for municipal wastewater treatment in an industrial scale since it requires lower power costs
than the external MBR configuration (due to the absence of a high-flow recirculation pump).
In this configuration, membrane module is directly immersed in the aeration tank containing
the mixed liquor. The submerged configuration systems can deploy either hollow fibres
aligned vertically or horizontally, or flat plates aligned vertically [34].
The submerged configuration relies on coarse bubble aeration to produce in-tank
recirculation and limit fouling. The energy demand of the submerged system can be two
times lower than of the side stream systems [35] and submerged systems operate at a lower
flux, demanding more membrane area. In submerged configurations, aeration is considered as
one of the major parameter on process performances both hydraulic and biological. Aeration
maintains solids in suspension, scours the membrane surface and provides oxygen to the
biomass, leading to a better biodegradability and synthesis of the cell.
The advantages of submerged configuration are the simple design, small footprint and reactor
requirements, high hydraulic efficiencies and lower energy consumption compared to the side
stream configuration. Filtration is carried out under low transmembrane pressure (from 0.05
to 0.5 bar). Therefore, submerged MBR configuration is more popular than the side-stream
configuration for moderate to large-scale municipal wastewater treatment.
2.3

Membrane filtration

In a typical MBR system, the membrane acts as a specific filter that allows water flow
through, while suspended solids and other substances are retained. Its separation depends on
the basis of molecular (or particle) size. If the constituents have bigger size compared to the
membrane pore size, the membrane is able to retain them. According to the pore size of the
membrane, the filtration process can be classified as microfiltration (MF), ultrafiltration (UF),
nanofiltration (NF) or reverse osmosis (RO) (Figure 2.2).
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Figure 2.2: Classification membrane separation processes based on pore size [36].
Considering the pore size of membrane, the microfiltration and ultrafiltration have widely
been used for operation of MBR in wastewater treatment. With the capability of low-pressure
membrane, the higher quality of treated water following standard regulation such as removal
of suspended solid or absence of pathogenic microorganisms including total coliform bacteria
as well as viruses have been met. Moreover, the ultra- and microfiltration are also important
as pre-treatment to tight membrane processes such as reverse osmosis (RO), nanofiltration
(NF), which are increasingly being employed for non-potable and indirect potable reuse
applications. The previous studies demonstrated that the membrane technology can be highly
effective for the removal of emerging contaminants [37-39]. This review exclusively focuses
on MBR systems equipped with ultra and microfiltration membranes for decentralised
domestic and municipal wastewater treatment to remove organic contaminants.
2.4

Trace organic contaminants

Numerous pharmaceuticals, ingredients of personal care products, endocrine disrupting
compounds (EDCs), industrial chemicals and pesticides have been suspected to cause adverse
impact on humans and wildlife even at environmental concentrations detected in sewage and
sewage impacted water bodies [3, 5, 7, 40-51]. A large number of pharmaceuticals were
detected in surface water with concentrations ranging from a few ng/L up to several µg/L.
For instance, diclofenac, ibuprofen and naproxen were detected in the range of 0.02-0.15,
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0.010-0.40, and 0.105-4.11 µg/L, respectively in Switzerland [52, 53]. Major groups of EDCs
which have been regularly detected in surface water are natural and synthetic hormones. The
four common estrogens (i.e. estrone, 17β-estradiol, estriol and 17α-ethinylestradiol) were
found in river samples in France at concentrations ranging from 1.0 to 3.2 ng/L [54].
Dedicated investigations of the occurrence of these trace organic contaminants in various
water environments including drinking water, groundwater, secondary treated effluent, and
raw sewage reveal that these contaminants can commonly be detected in the range of several
nanogram per litre (ng/L) up to even a few micrograms per litre (µg/L). Given their low
occurring concentrations in the aquatic environment, these organic compounds are often
referred to as micropollutants. In this review focuses mostly on endocrine disrupting
chemicals (EDCs), pharmaceutically active compounds and personal care products (PPCPs).
Several industrial chemicals and pesticides of interest will also be briefly mentioned.
2.4.1 Endocrine Disrupting Chemicals
Endocrine disrupting chemicals (EDCs) have been defined by the Organization of Economic
and Cooperative Development (OECD) as “an exogenous substance or mixture that alter the
function(s) of the endocrine systems and consequently cause adverse health effects in an
intact organism, or its progeny or (sub) populations” [55]. A wide range of chemicals has
been found or suspected to interfere with the endocrine system of vertebrate animals
including humans, even in trace amounts. Some EDCs are naturally generated estrogenic
hormones and the rest are synthetic organic chemicals. The former includes natural hormones
and phytoestrogens e.g. estrone (E1), 17β –estradiol (E2). The latter consists of synthetic
hormones such as the contraceptive 17α–ethinylestradiole, a range of compounds used as
industrial chemicals and by products of the chemical industry (e.g. PCBs, phthalates
pesticides, flame retardants, PAHs and surfactants).
2.4.2 Pharmaceutically active compounds and personal care products
Pharmaceutically active compounds and personal care products (PPCPs) are a group of
emerging contaminants including drugs and their active metabolites which are major
compounds due to widespread and increasing application in human and veterinary medicine
and fungicides and disinfectants used for industrial, domestic, agricultural and livestock
practices [1]. In addition, the active and inert ingredients in personal care products chemicals
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are used directly by consumers on human body with the exception of food supplements such
as fragrances, preservatives in cosmetics and disinfectants.
2.4.3 Sources of trace organic contaminants
Main sources of trace organic contaminants entering the water environment are from
households and hospitals [56, 57]. PPCPs represent a large group of compounds. Thousands
of tons of pharmaceuticals are used each year with different proposes such as the prevention,
diagnosis, cure and mitigation of diseases. These pharmaceuticals are widely used in human
medicine such as analgesics and anti-inflammatory drugs, contraceptives, antibiotics, betablocker, lipid regulators and many others. A large number of pharmaceuticals are also used in
veterinary medicine including antibiotics and anti-inflammatory. They are introduced into
aquatic environments via receiving sewage effluents. Many of these compounds are poorly
removed by conventional sewage treatment plants [16, 58].
Trace organic contaminants can enter aquatic systems via several different ways either in
their original or in partially metabolised forms.

Figure 2.3 shows the fate of these

compounds in the environment. A major pathway of pharmaceutical input into the
environment is via human ingestion followed by excretion and final disposal into the sewer.
Compounds entering the sewage treatment plants by human excretion may contain also
include partially metabolised medicines. In addition, unused medicines can often find their
way to the sewer via toilet disposal [3, 59]. Therefore, municipal wastewater is a major route
that brings human pharmaceuticals after normal use into the environment [3, 46]. Hospital
wastewater and landfill leachate may also contain a significant amount of pharmaceutical
residues [60]. Trace organic contaminants, which are not completely removed in the sewage
treatment plants, are subsequently discharged into the aquatic environment resulting in the
contamination of rivers, lakes, estuaries, groundwater and even in some rare cases drinking
water [47, 59, 61-63]. Moreover, veterinary pharmaceuticals may also enter aquatic systems
via direct applications such as fish farming and husbandry. These activities as well as
manure application to fields and subsequent runoff have been identified as a major source of
veterinary pharmaceuticals in the environment [14].
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Figure 2.3: Sources and pathways for the occurrence EDCs and PPCPs in the environment
[adapted from 57].
2.4.4 Fate and transport behaviour of trace organic contaminants
Generally, some of trace organic contaminants can be eliminated by conventional activated
sludge process. Two major mechanisms of removal of trace organics during conventional
wastewater treatment are sorption and biodegradation [16]. Therefore, the physical and
chemical properties of these compounds can greatly influence their fate and transport
behaviour as well as the removal efficiency of trace organic contaminants during CAS
treatment. Possible fates of trace organic contaminants within a sewage treatment plant
include (1) mineralization to CO2 and water; (2) adsorption onto suspended solids; (3) release
in the effluent either as the original compound or as a degradation product [5].
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Some pharmaceuticals can be relatively hydrophilic and their sorption to sludge is limited
[64]. However, it is noteworthy that some very hydrophilic compounds such as
fluoroquinolone antibiotics can also be eliminated by sorption to sludge via electrostatic
interactions with the cell membranes of the microorganisms [65, 66]. These studies indicated
that physicochemical properties, particularly hydrophobicity and biodegradability control the
efficiency of removal of EDCs and pharmaceuticals.
The removal efficiency of trace organic contaminants in an activated sludge treatment
process may also depend on factors other than the properties of the compound. These factors
include the treatment type [67], operating temperature [68, 69], solid retention time (SRT)
[70, 71] and hydraulic retention time [48]. Some studies reported adsorption of some
pharmaceuticals to sludge in wastewater treatment process limited during operation at the
lower pH [62, 72].
Both aerobic and anaerobic biodegradation have been reported to be important for the
removal of trace organic contaminants from the dissolved phase. It was suggested that the
removal efficiency rate increases with hydraulic retention time and with the sludge age in the
activated sludge treatment. For example, diclofenac has been shown to be biodegraded to
some extent only when the sludge retention time was greater than 8 days [73].
2.4.5 Impact of trace organic contaminants on human and animals
Adverse health impacts on aquatic organisms which could be attributed to endocrine
disrupting substances have been well documented in various studies e.g. [8, 74]. Especially,
hormones, either natural or synthetic, are known to cause adverse health effects in aquatic
organisms at very low concentrations even in the range of 0.1 to 0.5 ng/L [75]. In addition,
surfactants which are widespread used in industrial and household products are found to
affect the reproductive health of fish. Ying [76] confirmed that alkylphenol concentration of 5
μg/L can induce vitellogenin in male fish. Many PPCPs may also exhibit chronic toxicities
even at concentrations below 1µg/L [77] . Low level contamination by some PPCPs such as
antibacterial substances may contribute to the spread of antimicrobial resistance [78, 79].
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2.5

Trace organic contaminant removal by MBRs

2.5.1 Advantages of MBRs
MBR technology integrates biological degradation of wastewater pollutants with membrane
filtration, which offers effective removal of organic and inorganic contaminants and
biological material from municipal and/or industrial wastewater [21]. MBRs are believed to
be highly effective for the removal of trace organic contaminants due to use of a
microfiltration or ultrafiltration membrane to separate the sludge instead of a sedimentation
tank. Membrane filtration is affected by the settling properties of solid materials as in
conventional activated sludge treatment while also results in a much smaller footprint. In
addition, MBRs allow for operation at very high biomass concentration (of up to 20 g/L) and
at prolonged solid retention time (SRT). This may also considerably promote the degradation
of persistent substances such as EDCs because of the improved adaptation of
microorganisms. Moreover, the membrane retains large particles such as colloids inside the
bioreactor. This enhances the adsorption surface and therefore, trace organic contaminants
will be more likely adsorbed onto suspended solids [80]. Radjenovic et al. [16] suggested that
the MBR capability in removal of readily biodegradable trace contaminants is due to the
smaller flocs size of the sludge, which enhances mass transfer by diffusion and therefore
increase elimination.
2.5.2 Removal efficiency of trace organics by MBRs
Numerous studies have reported on the removal of trace organic contaminants during MBR
treatment. The results of these studies are grouped as PPCPs (Table 2.1) and EDCs (Table
2.2). These tables summarise studies relevant to the removal efficiency and removal
mechanisms for trace organic contaminants. Details of MBR system were also provided.
There are some points to demonstate an improved removal efficiency compared to CAS
treatment for potentially endocrine disrupting industrial chemicals (e.g.: nonylphenols and
nonylphenol ethoxylates) [81, 82], for several acidic pharmaceuticals [83-85], for diclofenac,
mecoprop and sulfophenylcarboxylates [86], for benzothiazoles [87]. For non-polar
pollutants, Wintgens et al. [88] examined the removal of NP and biphenol A (BPA) using
wastewater from a dumpsite leacheate plant. The result showed more than 90% of NP and
BPA were eliminated through MBR process. De Wever et al. [89] investigated the MBR
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performance in trace organic contaminants removal of trace contaminants 1,6- and 2,7naphthalene disulfonate (NDSA) and benzothiazole-2-sulfonate compared to conventional
activated sludge systems. They found that MBRs could not always make a difference in the
overall removal efficiencies in comparison to CAS. However, MBR processes responds
quickly to variable influent concentrations and are high suitable for the treatment of sewage
under various operating conditions. Kimura et al. [83] examined the ability of submerged
MBRs to remove six acidic pharmaceutically active compounds (clofibric acid, diclofenac,
ibuprofen, ketoprofen, mefenamic acid, naproxen) and acidic herbicide (dichloprop) in
comparison to a conventional activated sludge process. MBRs showed a much better removal
efficiency rate than CAS for ketoprofen and naproxen. This is because of their relatively
complicated structure as a result of poor degradation in CAS while enhanced HRT in MBRs
allows microorganisms adaptation and thus degradation of these compounds. Gonzalez et al.
[90] investigated the biodegradation of selected acidic pesticides such as the phenoxy acids
(2-(2-Methyl-4-chlorophenoxy)

propionic

acids

(mecoprop,

MCPP);

2-Methyl-4-

chlorophenoxyacetic acid (MCPA) ; 2,4-Dichlorophenoxyacetic acid (2,4-D) ; 2-(2,4Dichlorophenoxy) propionic acid (dichloroprop, 2,4-DP) and bentazone, and the acidic
pharmaceuticals diclofenac using MBR. The result indicated that all compounds except for
bentazone were removed at rates ranging from 44% to 85%. It can be seen that the removal
efficiency in removal of trace organic contaminants by MBRs varies quite widely. These may
be based on the property compounds, the capability of MBRs and the operating conditions.
Therefore, in order to investigate the MBR process relating to its performance, the factors
which may affect the degree of removals should be considered.
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Table 2.1: Reported PPCPs removal efficiency by MBRs.

Analgesics

Application

Compound

Acetaminophen

Removal
(%)
>99, >99
99.6±0.299
99.8±0.2,
99.9±0.1

Antibiotic

9.1 and 4.5
Erythromycin

Ofloxacin
>99, 34.38,
73.50

67.3±16.1
43±51.5,
25.2±108.9
91
94±6.51
95.2±2.8,
91.3±10.8
Pilot scale

Scale of MBRs
Pilot – using 2 different modules (plate
& frame and hollow-fibre)
Lab scale
Two pilot scales (hollow-fibre UF and
flat-sheet MF) 3.6 and 4.7 m3
paralleled with CAS
Pilot – using 2 different modules (plate
& frame and hollow-fibre)
Lab scale
Two pilot scales (Hollow-fibre UF and
flat-sheet MF) 3.6 and 4.7 m3
paralleled with CAS
Pilot scale (220L)
Lab scale
Two pilot scales (hollow-fibre UF&
flat-sheet MF) 3.6 and 4.7 m3
paralleled with CAS
Removal calculated from mean influent
and effluent values. Operated at
different SRT of 10, 27, 55 d
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Conditions

Ref.
[7]

Installed at WWTP, mean removals presents

[16]

External module configuration
(Mean removal from aqueous phase)

[58]
[7]

Installed at WWTP, mean removals presents
External module configuration

[16]
[58]

Biodegradation
Installed at WWTP, mean removals presents
External module configuration

[91]
[16]
[58]
[92]
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Table 2.1: (continued).
Application

Compound

Roxithromy
-cin (ROX)

Removal
(%)
>99, 34.38,
73.50

Pilot scale

75

Pilot scale

Antibiotic

77
61.4

Sulfamethoxazole
(SMX)

64, 70
57
60.5±33.9
80.8±12.2,
78.3±13.9
52

Scale of MBRs

Pilot scale (220L)
Pilot scale

Pilot – using plate & frame and
hollow-fibre module
Pilot scale
Lab scale
Two pilot scales (Hollow-fibre UF and
flat-sheet MF) paralleled with CAS
Pilot scale (220L)
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Conditions

Ref.

Removal calculated from mean influent and
effluent values. Operated at different SRT of 10,
27, 55 d
24h composite samples, removal based on mass
balance, SRT normalized to 20ºC (20d)
Biodegradation
Removal calculated from mean influent and
effluent values operated at different SRT of 10d
(no detection for 27 and 55d both influent and
effluent)

[92]
[70]
[91]
[92]

[7]
24h composite samples, removal based on mass
balance, SRT normalized to 20ºC (20d)
Installed at WWTP, mean removals presents
External module configuration (Mean removal
from aqueous phase)
Biodegradation

[70]
[16]
[58]
[91]
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Table 2.1: (continued).
Application

Compound
Sulfamethoxazole
(SMX)

Removal
(%)
80

Antibiotic

33

MF plate membrane module and tow
UF hollow-fibre modules.

Conditions

Ref.

Comparing elimination: two CAS, a fix-bed
reactor and a MBR pilot plant with different
SRT(analysed aqueous and sludge samples)

[64]

Pilot – using hollow-fibre module.

[7]

Two pilot scales (Hollow-fibre UF and External module configuration (Mean removal
flat-sheet MF) 3.6 and 4.7 m3
from aqueous phase)
paralleled with CAS

[58]

52

Pilot scale (220L)

Biodegradation

[91]

90

Comparing elimination: two CAS, a
fix-bed reactor and a MBR pilot plant
with 3 different membrane filtration
units (MF plate membrane module and
tow UF hollow-fibre modules.

Running different SRT
-analyse aqueous and sludge samples
- the elimination varied –in MBR at SRT of 6080d

[64]

66.7±20.6,
47.5±22.5
Trimethoprim

Scale of MBRs
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Table 2.1: (continued).

Anticonvulsant

Application

Compound

Removal
(%)
13
12.5, 4.42, 0
1.4
0

Carbamazepine (CBZ)

0
11, -8, 9
9
<10
0, 0

Scale of MBRs
Lab scale

Conditions

Operated in parallel to WWTP activated sludge
process, 24 hr time proportional
Pilot scale – real municipal wastewater Operated at different SRT of 10, 27, 55 d
Pilot scale
Pilot – using two types of modules 1)
plate and frame 2) hollow-fibre.
Pilot scale
Ultrafiltration membrane, 24h composite samples
Pilot scale
24h composite samples, removal based on mass
balance, SRT normalized to 20ºC (11,20,41 d)
Pilot scale (220L)
SRT 44-72 d biodegradation
Lab scale
Installed at WWTP, mean removals presents
Two pilot scales (Hollow-fibre UF and External module configuration
flat-sheet MF) 3.6 and 4.7 m3
(Mean removal from aqueous phase)
paralleled with CAS

0

Ref.
[86]
[92]
[71]
[7]
[93]
[70]
[91]
[16]
[58]
[94]
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Table 2.1: (continued).

Psychiatric
drugs

Fluoxetine

Removal
(%)
98±1.9,
98±1.6

Antiseptic

Triclosan

66, 73

Antidepressant
Diuretics

Paroxetine
Hydrochlor
o-thiazide

89.7±6.69
66.3±7.79
0, 0

Tranquillisers
H2 blocker
(anti-ulcer)
anti-histamines

Diazepam
Rantidine

26
95±3.74
44.2±29.6,
29.5±47.9

Application

Compound

Scale of MBRs

Conditions

Ref.

Two pilot scales (Hollow-fibre UF and
flat-sheet MF) 3.6 and 4.7 m3
paralleled with CAS
Pilot – using two types of modules 1)
plate and frame 2) hollow-fibre.
Lab scale
Lab scale
Two pilot scales (Hollow-fibre UF and
flat-sheet MF) 3.6 and 4.7 m3
paralleled with CAS
Pilot scale (220L)
Lab scale
Two pilot scales (Hollow-fibre UF and
flat-sheet MF) 3.6 and 4.7 m3
paralleled with CAS

External module configuration (Mean removal
from aqueous phase)

[58]
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[7]
Installed at WWTP, mean removals presents
Installed at WWTP, mean removals presents
External module configuration (Mean removal
from aqueous phase)

[16]
[16]
[58]

Biodegradation
Installed at WWTP, mean removals presents
External module configuration (Mean removal
from aqueous phase)

[91]
[16]
[58]
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Table 2.1: (continued).
Application

Compound

Removal
(%)
0, 33.5±52.2

H2 blocker
(anti-ulcer)
antihistamines

Loratidine
Famotidine

64.6±24.5,
47.4±63

Hypoglycaemic agent

Glibenclamide

47.3±20.1
95.6±4.4,
82.2±28.6

Insect
repellant
ingredient
Lipid
regulator and
statin

Diethyltoluamide
(DEET)
Bezafibrate
(BZF)

0, 0
>95
76
95, 96, 77.3
90

Scale of MBRs

Conditions

Ref.

Two pilot scales (Hollow-fibre UF and
flat-sheet MF) 3.6 and 4.7 m3
paralleled with CAS
Two pilot scales (Hollow-fibre UF and
flat-sheet MF) 3.6 and 4.7 m3
paralleled with CAS
Lab scale
Two pilot scales (Hollow-fibre UF and
flat-sheet MF) 3.6 and 4.7 m3
paralleled with CAS
Pilot – using two types of modules 1)
plate and frame 2) hollow-fibre.

External module configuration (Mean removal
from aqueous phase)

[58]

External module configuration (Mean removal
from aqueous phase)

[58]

Installed at WWTP, mean removals presents
External module configuration (Mean removal
from aqueous phase)

[16]
[58]

Pilot scale
Pilot scale
Pilot scale –real municipal wastewater
Pilot scale
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[7]
UF membrane, 24h composite samples
UF membrane, 24h composite samples
Operated at different SRT of 10, 27, 55 d

[93]
[93]
[92]
[71]
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Table 2.1: (continued).
Application

Compound

Lipid regulator and statin

Bezafibrate
(BZF)

Nacotic
analgesic

Removal
(%)
94, 76, 97
95.8±8.66
90.3±10.1,
88.2±15.3
91±4

Clofibric
acid

54
71.8±30.9
89.6±23.3
42.2±36.7,
32.5±49.3

Hydrocodone

≤-40, ≤-50

Scale of MBRs
Pilot scale
Lab scale
Two pilot scales (Hollow-fibre UF and
flat-sheet MF) 3.6 and 4.7 m3
paralleled with CAS
Lab scale (21L) using municipal
wastewater
Lab scale
Lab scale
Lab scale
Two pilot scales (Hollow-fibre UF and
flat-sheet MF) 3.6 and 4.7 m3
paralleled with CAS
Pilot – using two types of modules 1)
plate and frame 2) hollow-fibre.

23

Conditions

Ref.

24h composite samples, removal based on mass
balance, SRT normalized to 20ºC (11,20,41 d)
Installed at WWTP, mean removals presents
External module configuration
(Mean removal from aqueous phase)

[70]
[16]
[58]

Biodegradation

[85]

Operated in parallel to WWTP activated sludge
process, 24 hr time proportional
Installed at WWTP, mean removals presents
Installed at WWTP, mean removals presents
External module configuration
(Mean removal from aqueous phase)

[86]
[16]
[16]
[58]
[7]
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Table 2.1: (continued).
Compound

Nacotic
analgesic

Pravastatin

Anti-inflammatory

Application

Diclofenac
(DCF)

Removal
(%)
90.8±13.2
86.1±9.1,
83.1±12.5
58
0, 51, 33
25.6
44-85
0,0

Scale of MBRs

Conditions

Ref.

Lab scale
Two pilot scales (Hollow-fibre UF and
flat-sheet MF) 3.6 and 4.7 m3
paralleled with CAS
Lab scale

Installed at WWTP, mean removals presents
External module configuration (Mean removal
from aqueous phase)

[16]
[58]

Operated in parallel to WWTP activated sludge
process, 24 hr time proportional
Operated at different SRT of 10, 27, 55 d

[86]

Pilot scale –real municipal wastewater
Pilot

0, 39, 51

Pilot – using two types of modules 1)
plate and frame 2) hollow-fibre.
Pilot scale

87.4±14.1

Lab scale

24

24h composite samples, removal based on mass
balance, SRT normalized to 20ºC (11,20,41 d)
Installed at WWTP, mean removals presents

[92]
[71]
[81]
[7]
[70]
[16]
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Table 2.1: (continued).
Application

Compound

Anti-inflammatory

Diclofenac
(DCF)

Removal
(%)
65.8±13.1,
62.6±18.3
20-40
23±30

Ibuprofen
(IBP)

0
99
98
>99, 98

Scale of MBRs
Two pilot scales (Hollow-fibre UF and
flat-sheet MF) 3.6 and 4.7 m3
paralleled with CAS
Lab scale (21L) using municipal
wastewater
Pilot scale (220L)
Lab scale
Pilot scale –real municipal wastewater

99, 97, 99

Pilot – using two types of modules 1)
plate and frame 2) hollow-fibre.
Pilot scale

99.8±0.386

Lab scale

25

Conditions
External module configuration
(Mean removal from aqueous phase)
Biodegradation
biodegradation
Operated in parallel to WWTP activated sludge
process, 24 hr time proportional
Average values of samples at different SRT of 10,
27 and 55 d

Ref.
[58]
[94]
[85]
[91]
[86]
[92]
[7]

24h composite samples, removal based on mass
balance, SRT normalized to 20ºC (11,20,41 d)
Installed at WWTP, mean removals presents

[70]
[16]
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Table 2.1: (continued).
Application

Compound

Anti-inflammatory

Ibuprofen
(IBP)

Removal
(%)
99.2±1.8,
99.5±1.6
>99
≥90
98
97±4

Indomethacin
Ketoprofen

98
46.6±23.2
41.4±20.6,
39.7±26.2
91.9±6.55
43.9±27.7,
44±20.6
62±21

Scale of MBRs

Conditions

Ref.

Two pilot scales (Hollow-fibre UF and
flat-sheet MF) 3.6 and 4.7 m3
paralleled with CAS
Pilot scale
Pilot scale
Pilot scale
Lab scale (21L) using municipal
wastewater
Pilot scale (220L)
Lab scale
Two pilot scales (Hollow-fibre UF and
flat-sheet MF) 3.6 and 4.7 m3
paralleled with CAS
Lab scale
Two pilot scales (Hollow-fibre UF and
flat-sheet MF) 3.6 and 4.7 m3
paralleled with CAS
Lab scale (21L) using municipal
wastewater

External module configuration (Mean removal
from aqueous phase)

[58]

Time-proportional grab samples
Fed with primary effluent from CAS

[95]
[94]
[71]
[85]

26

Biodegradation
Biodegradation
Installed at WWTP, mean removals presents
External module configuration (Mean removal
from aqueous phase)

[91]
[16]
[58]

Installed at WWTP, mean removals presents
External module configuration (Mean removal
from aqueous phase)

[16]
[58]

Biodegradation

[85]
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Table 2.1: (continued).

Mefenamic
acid

Removal
(%)
74.8±20.1
40.5±23.7,
35.5±28.3

Naproxen

36, 41

Compound

Anti-inflammatory

Application

99.3±1.52
90.7±3.2,
91.6±8.1
50-80
71±18
Propyphena
-zone

84
64.6±13.3
64.5±16,
60.7±18.7

Scale of MBRs

Conditions

Ref.

Lab scale
Two pilot scales (Hollow-fibre UF and
flat-sheet MF) 3.6 and 4.7 m3
paralleled with CAS
Pilot – using two types of modules 1)
plate and frame 2) hollow-fibre.
Lab scale
Two pilot scales (Hollow-fibre UF and
flat-sheet MF) 3.6 and 4.7 m3
paralleled with CAS
Pilot scale
Lab scale (21L) using municipal
wastewater
Pilot scale (220L)
Lab scale
Two pilot scales (Hollow-fibre UF and
flat-sheet MF) 3.6 and 4.7 m3
paralleled with CAS

Installed at WWTP, mean removals presents
External module configuration (Mean removal
from aqueous phase)

[16]
[58]

27

[7]
Installed at WWTP, mean removals presents
External module configuration
(Mean removal from aqueous phase)

[16]
[58]

Fed with primary effluent from CAS
biodegradation

[94]
[85]

Biodegradation
Installed at WWTP, mean removals presents
External module configuration (Mean removal
from aqueous phase)

[91]
[16]
[58]
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Table 2.1: (continued).
Application

Compound
Caffeine

Sunscreen
agent

Oxybenzone
Atenolol

B-blocker

Stimulant

Removal
(%)
>98, 99
50, 41
65.5±36.2
76.7±12.6,
69.5±12.5

Sotalol

53.1±24.1,
30.4±25.3

Metoprolol

58.7±72.8
44.2±29.6,
29.5±47.9

Propranolol

77.6±12.2,
65.5±22.4

Scale of MBRs
Pilot – using two types of modules 1)
plate and frame 2) hollow-fibre.
Pilot – using two types of modules 1)
plate and frame 2) hollow-fibre.
Lab scale
Two pilot scales (Hollow-fibre UF and
flat-sheet MF) 3.6 and 4.7 m3
paralleled with CAS
Two pilot scales (Hollow-fibre UF and
flat-sheet MF) 3.6 and 4.7 m3
paralleled with CAS
Lab scale
Two pilot scales (Hollow-fibre UF and
flat-sheet MF) 3.6 and 4.7 m3
paralleled with CAS
Two pilot scales (Hollow-fibre UF and
flat-sheet MF) 3.6 and 4.7 m3
paralleled with CAS
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Conditions

Ref.
[7]
[7]

Installed at WWTP, mean removals presents
External module configuration (Mean removal
from aqueous phase)

[16]
[58]

External module configuration (Mean removal
from aqueous phase)

[58]

Installed at WWTP, mean removals presents
External module configuration (Mean removal
from aqueous phase)

[16]
[58]

External module configuration (Mean removal
from aqueous phase)

[58]
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Table 2.2: Reported EDCs removal efficiency by MBRs.
Application

Compound

Plasticizer

Bisphenol A
(BPA)

Removal
(%)
96.86
99, 99, 93
98, 97, 99
93.7

68.9-90.1
Persistent
organic
pollutants

Atrazine

Surfactant
metabolite

Nonylphenol (NP)

10-40
9
42
0

Scale of MBRs
Pilot scale (operated at different SRTs)
Pilot scale –real municipal wastewater
Pilot plant
Lab scale (10L)

Conditions

Operated at different SRT of 10, 27, 55 d
Operated at different SRT of 11, 20, 41
Operated at different sludge loading and did
sludge adsorption test. Main renoval mechanism
is biodegradation despite hydrophobicity
compound
3 pilot and 2 lab-scale MBR
the transformation of its parent compounds
(NPnEOs)
An anoxic-aerobic MBR pilot plant with no biodegradation detected during microhollow fibres membranes
calorimetric trail only adsorption on the sludge
Pilot scale MBR (21LActivated sludge Operated at HRT of 7 h
of WWTP)
14
Lab scale
C-labeled nonylphenol isomer, percent
recovered as degradation products reported
3 pilot and 2 lab-scale MBR
May caused by the transformation of its parent
compounds (NPnEOs)
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Ref.
[71]
[92]
[70]
[97]

[98]
[99]
[86]
[100]
[98]
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Table 2.2: (continued).

Surfactant metabolite

Application

Compound
Total NP
Nonylphenolic
compunds
(total pool
of NPEO
derived
compounds)
-NP
NPnEO
Nonylphenol
monoethoxy
-late
(NP1EO)
Octyphenol
(OP)
Octyphenol
monoethoxy
-late
(OP1EO)

Removal
(%)
80, 88, 69
94

Scale of MBRs
Pilot plant
Pilot plant compared to CAS

90.8, 89, 84.6 Pilot scale
93, 95, 96
Pilot plant

91-97
97.3, 99.5,
97.9

44.9, >99,
65.6
91, >99, >99

Conditions

Ref.

Operated at different SRT of 11, 20, 41
Higher removal by MBR (enhancing elimination
and biodegradation of APEO)
Operated at different SRT of 10, 27, 55 d
Operated at different average flow rate, HRT,
MLSS and sludge load

[70]
[101]
[92]
[102]

Pilot scale (40L) with an immersed HRT of 5.7 h, MLSS from 8-11 g/L
hollow fibre microfiltration membrane
(ZW-10)
Pilot scale
Operated at different SRT of 10, 27, 55 d

[103]

Pilot scale

Operated at different SRT of 10, 27, 55 d

[92]

Pilot scale

Operated at different SRT of 10, 27, 55 d

[92]
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Table 2.2: (continued).
Application

Fragrance ingredient

Surfactant
metabolite

Compound
Octyphenol
diethoxylate
(OP2EO)
Galaxolide
(HHCB)

Tonalide
(AHTN)

Celestolide

Removal
(%)
58, >99 9, 0

Scale of MBRs

Conditions

Ref.

Pilot scale

Operated at different SRT of 10, 27, 55 d

[92]

~80
85, 91.6, 84
85,90,92

Pilot scale

[93]
[92]
[70]

50

Pilot scale

UF membrane, 24h composite samples
Operated at different SRT of 10, 27, 55 d
24h composite samples, removal based on mass
balance, SRT normalized to 20ºC (11,20,41 d)
Fed with primary effluent from CAS
Biodegradation
24h composite samples
Operated at different SRT of 10, 27, 55 d
24h composite samples, removal based on mass
balance, SRT normalized to 20ºC (11,20,41 d)
Fed with primary effluent from CAS
biodegradation

[91]
[93]
[92]
[70]

46-56
~80
85, 90.7, 86
85,92,91
50
46-56

Pilot scale

Pilot scale (220L)
Pilot scale (ultrafiltration membrane)
Pilot scale
Pilot scale
Pilot scale (220L)
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[94]
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Table 2.2: (continued).
Application
Fragrance
ingredient
Hormones

Synthetic
hormones
Flame
retardant

Compound
Tonalide
(AHTN)
Total natural
hormones
(17βestradiol+
Estriol+
Estrone+17αethinylestradiol)
17αEthinylestradiol (EE2)
Estriol (E3)
Tris (2chloroethyl)
Coconut
diethanol
amides
(CDEA)
Benzothiazoles

Removal
(%)
46-56
80, 25, 66
99, 99, 95

Scale of MBRs

Conditions

Ref.

Pilot scale (220L)
Pilot plant
Pilot plant

Biodegradation
Operated at different SRT of 11, 20, 41 d
Operated at different SRT of 11, 20, 41 d

[91]
[70]
[70]

<1

Lab scale

% mineralization reported, 100µ/L PPCP

[96]

>99.8
0, 0.4

Pilot scale

96

43 (both)

[71]
[7]

Pilot scale compared to CAS

Biodegradation similar in both systems

[101]

2 pilot MBR plants-pre- and postnitrification

Operated at different SRT and HRT over 3
months (composite samples)

[87]
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Application

Compound

Polycyclic aromatic hydrocarbon
(PAH)

Table 2.2: (continued).

Nafthalene
Acenafthylene
Acenafthene
Fluorene
Fenanthrene
Fluoranthene
Pyrene
Pentachlorophenol (PCP)
Sodium
pentachlorophenol
(NaPCP)

Removal
(%)
65.7
>61.6
76.2
>54.6
71
65
58
99
99

Scale of MBRs

Conditions

Ref.

Monitor COD,soluble COD, TKN, NH4-N,
NO3-N, TP, PO4-P and total suspended solids
in influent and effluent on daily averaged
Pilot plant ultrafiltration submerged samples.
hollow fibres membranes

[104]

Pilot scale (6L). Hollow
polyethylene membrane
Pilot
scale
(6L).Hollow
polyethylene membrane

[105]
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fibre Biosorption and biodegradation. HRT of 12h,
MLSS concentration of 10 g/L
fibre Biosorption and biodegradation

[105]
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Table 2.2: (continued).
Application
Polycyclic
aromatic
hydrocarbon (PAH)

Flame
retardant

Compound
Linear
alkylbenzene
sulfonates
(LAS)-anionic
surfactants

Tris
(2-chloroethyl)
Coconut
diethanol
amides
(CDEA)
Benzothiazoles

Removal
(%)

Scale of MBRs

97

Lab scale (25L) and CAS (8L) fed with synthetic domestic
wastewater

98

Pilot scale compared to CAS

99, 99,99

Pilot plant

95.4±5.9

Pilot scale (40L) with an immersed hollow fibre
microfiltration membrane

Conditions

Ref.

External tubular crossflow UF membrane
Biodegradation similar in
both systems
Operated at different
average flow rate, HRT,
MLSS and sludge load;
analysed by FIA-MS
HRT of 5.7 h, MLSS from
8-11 g/L

[106]

43 (both)

[102]

[103]
[7]

0, 0.4
96

[101]

Pilot scale compared to CAS

Biodegradation similar in
both systems

[101]

2 pilot MBR plants-pre- and post- nitrification

Operated at different SRT
and HRT over 3 months
(composite samples)

[87]
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2.6

Factors affecting the degree of removal by MBR process

2.6.1 Membrane characteristics
Microfiltration and ultrafiltration are widely used in MBR treatment for municipal
wastewater. However, physical retention by membranes and sorption to membranes are of
minor importance for trace organic contaminants. The size of membrane pore is much larger
than the molecular size of trace organic compounds. Consequently, the membranes do not
directly contribute to the rejection of trace organic contaminants [16]. In addition, adsorptive
sites available on the membrane surface are limited and negligible in comparison to the
activated sludge in the reactor. Additional removal by membranes may occur due to
deposition of particulate matter on the membrane surface which provides the additional
adsorption capacity for some hydrophobic compounds. Nevertheless, the contribution of such
a removal mechanism is usually negligible [72]. Therefore, the increase in MBR performance
with respect to the removal of trace organic contaminants in comparison to conventional
activated sludge treatment is possible resulted mostly from an improved biodegradation. This
is an indirect effect of the use of microfiltration or ultrafiltration membranes, which warrant
the complete physical retention of the microorganisms and therefore enable the cultivation
and enrichment of slow-growing metabolic specialists. It was also observed that unusually
long adaptation phase (approximately 5 months) could be sometimes required for this slow
biological acclimation to reach full completion [107].
2.6.2 Physicochemical properties of trace organic contaminants
The differences in physicochemical properties of the compounds may affect their removal
rate in MBR process. For hydrophobic trace organics, a major removal mechanism is
adsorption to the biomass, subsequent retention of the solids by membranes followed by
further biodegradation [89].
The polarity (or hydrophobicity) of the compound is considered to be an important factor
influencing their removal by MBR. The elimination of polar compounds can only be
achieved through biodegradation because the sorption process is limited [89]. Zuehlke et al.
[107] investigated the removal of several highly polar pharmaceutically active compounds by
an MBR system in comparison to a conventional treatment plant. The MBR system exhibited
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significantly higher removal rate for phenazone, propyphenazone and several metabolites of
phenazone-type pharmaceuticals than CAS. However, negligible removal of carbamazepine
was observed during both CAS and MBR treatment. The authors also investigated the
removal of trace organic compounds which have less polar in group of estrogenic steroids
such as estradiol, estrone and ethynylestradiol through MBR compared with a conventional
treatment plant. They reported that higher removal efficiency of these hydrophobic
compounds occurred in both systems (>80%). In addition, the removal efficiencies of
estradiol, estrone and 17α-ethynylestradiol by the MBR system were approximately 99%,
99%, and 95%, respectively. These removal efficiencies were discernibly higher than those
by the CAS system.
Most pharmaceutical substances are biologically active and relatively hydrophilic so that the
human body can take them easily. In addition, pharmaceuticals are designed to be persistent
in the host body to avoid degradation before they have a curing effect. Therefore, their
sorption to sludge is limited [67]. However, the effect for hydrophilic compounds is not yet
very well defined [72, 94]. For example, although fluoroquinolone antibiotics are very
relatively hydrophilic compounds, they are mainly eliminated from the STP by sorption to
sludge possibly via electrostatic interactions with the cell membrane of the microorganisms
[65, 66]. Likewise, Radjenovic et al. [16] investigated the removal mechanisms of several
pharmaceutical compounds in STP. They noted that the removal of hydrophobic compounds
by membrane can be expected because they are absorbed by particles deposited as a layer on
the membrane surface.
The capability of MBRs in removal of trace organic contaminants is dependent upon the
physicochemical properties. Important properties of trace organic compounds relevant to
their removal efficiency by an MBR process consist of the acid or basic dissociation constant
(pKa or pKb), and the octanol/water partition coefficient (log Kow).

Figure 2.4 shows a framework for a qualitative assessment of the removal of hydrophobic
trace organics by MBRs. Figure 2.5 shows a framework for a qualitative assessment of the
removal of hydrophilic trace organics by MBRs.
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Recently, several researchers argue that log D (which takes into account both the compound
intrinsic hydrophobicity, the pKa value of the compound, and the solution pH) is a better
parameter to evaluate the hydrophobicity of the compound [108, 109]. Log D is a parameter
that considers hydrophobicity/ hydrophilicity coupled with ionogenicity. Generally, the pH
value of municipal wastewater is between pH 7 and 8. Therefore, in this review, the
hydrophobicity at the pH value of 8 is used to examine the nonionize to ionized compound
form influencing removal efficiency. Considering the values of log D, highly hydrophobic
compounds are defined as a log D > 3 [108, 110]
Hydrophobic chemical
(log Kow > 3)

pH<pKa

pH>pKa

Nonionized

Ads

Bio>Ads

Bio+Ads

Low
biodegradability

High
biodegradability

Moderate
removal
efficiency

High removal
efficiency

Bisphenol A

Ionized

Nonyl phenol
17β- Estradiol

Low
biodegradability

Low
removal
efficiency

Triclosan

Diclofenac

High
biodegradability

High
removal
efficiency

N2PEC
Ibuprofen

Figure 2.4: The estimation of the MBRs capability in removal of trace organic contaminants
based on their physicochemical property (hydrophobicity).
Note: removal mechanisms; Bio: Biodegradation; Ads: Adsorption
37

Chapter 2 Literature Review

Hydrophilic chemical
log Kow < 3

pH<pKa

pH>pKa

Nonionized

Moderate
biodegradability

Low/ moderate
removal efficiency

Carbamazepine

Ionized

Low
biodegradability

High
biodegradability

Low removal
efficiency

Moderate/high
removal efficiency
e

Dichloprop
Sulfamathoxazol

Ketoprofen
Ibuprofen

Figure 2.5: The estimation of the MBRs capability in removal of trace organic contaminants
based on their physicochemical property (hydrophilicity).
2.6.3 Operational parameters
Different aspects influencing the removal of EDCs and PPCPs in MBRs have been addressed
to some extent. Key factors determining the overall MBR performance that have been
investigated to date include solid retention time (SRT) [71], pH [72], the organic-sludge
loading rate [111] and length of the period required for process improvement and
stabilization [107].
Operation at high sludge ages allows for the adaptation of microorganism and potentially low
growing bacteria more diverse microbial community. This factor may enhance
biotransformation and mineralisation of trace organic contaminants. A long-term
investigation with various sludge ages in organic removal performance by MBRs compared
to CAS was undertaken to investigate the removal mechanisms of trace organics by MBRs
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[84]. It was found that longer sludge age could enhance the removal trace organic
compounds. Likewise, Radjenovic et al.[16] noted that a greater removal of diclofenac by
MBR (87% of removal efficiency compared with 50% in CAS) could be due to the greater
age of the MBR sludge.
Higher SRT can increase biodegradation of micropollutants [16, 71, 112] reported greater
removal of diclofenac by MBR (average removal efficiency 87% compared to 50% in CAS)
as a result of the greater MBR sludge age operating with increasing solid retention time [92].
Similarly, Bernhard et al. [86] showed significant better removals of non-adsorbing persistent
polar pollutants (P3), which are poorly biodegradable P3 such as diclofenac, mecoprop and
sulfophenylcarboxylates, by MBR than by CAS. The authors also suggested that the
reduction of these P3 may be achievable by optimising sludge retention time which
contributes to microbial adaptation.
There have also been some investigations on the effect of pH on the trace organic
contaminant removal. Urase et al. [72] found that the higher removal rate of some acidic
pharmaceuticals such as ketoprofen (KEP), ibuprofen (IBP), clofibric acid (CA), gemfibrozil
(GFZ), fenoprofen (FEP), naproxen (NPX), diclofenac (DCF) and indomethacim (IDM) by
MBR was affected by lower pH operation. Likewise, a later study by Tadkaew et al. [113]
also confirmed that removal efficiencies of ionisable trace organics (sulfamethoxazole,
ibuprofen, ketoprofen, and diclofenac) were strongly pH. These compounds exist
predominantly in their hydrophobic form under acidic condition which could readily adsorb
to the activated sludge as a result of higher removal efficiency. Results reported here suggest
an apparent connection between physicochemical properties of the compounds and their
removal efficiencies by MBRs. This is because there are increasing their hydrophobicity in
the acidic pH condition resulting in adsorption onto sludge particles and degradation.
Energy consumption for aeration is a major operating cost of MBR. Aeration is needed to
supply oxygen to the biomass to support the biological process and to prevent membrane
fouling by the scouring action of the air bubbles. In addition, the aeration rate in MBR is
usually higher than that in CAS because of the higher concentration of biomass and therefore
higher oxygen demand. Several studies have been conducted to improve aeration efficiency
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and to reduce operating cost. Germain et al. [114] noted that the mixed liquor suspended solid
(MLSS) is a major parameter controlling the oxygen transfer rate. Operating MBR at MLSS
concentration below 10-15 g/L could improve oxygen transfer efficiency [114]. Lim et al. [7]
investigated the optimum working conditions and evaluated the effects of aeration on/off time
on organic matter and nitrogen removal efficiency, extracellular polymeric substances (EPS)
and transmembrane pressure variation (TMP). However, to date research studying the effect
of aeration on the removal of trace organic contaminants has not been conducted.
2.7

Elimination processes of trace organic removal by MBRs

There have been a number of studies elucidating the mechanisms involved in the removal of
trace organic contaminants during MBR treatment. The most important removal pathways of
organic compounds during wastewater treatment are as below.
2.7.1 Adsorption by sludge
Higher removal efficiency of some compounds has been attributed to their adsorption to the
activated sludge [16]. According to Visvanathan et al. [105], the removal efficiency of a
toxic chemical pentachlorophenol (PCP) and its derivatives sodium pentachlorophenol
(NaPCP) in municipal wastewater were 99% and higher than 99% for PCP and NaPCP
respectively.

These results confirmed that biosorption played an important role in the

removal of PCP in a MBR with high biomass concentration. It is noteworthy that PCP is a
hydrophobic organic compound. Therefore the sorption of PCP into the sludge was found to
be high.
2.7.2 Biotransformation/biodegradation
Clara et al. [92] noted that the biodegradation process is a major process in elimination of
surfactants such as alkylphenol ethoxylates and their degradation products because the
adsorption represented less of 10% of the total removal for MBR and CAS. Therefore, better
performance of MBR may be attributed to the higher sludge age and the lower contaminants
over biomass loading which give more time for the degradation of the organic contaminants
and/or better adaptation of the microorganisms. Gonzalez et al. [81] investigated the removal
of acidic pesticides and bentazone, and the acidic pharmaceuticals diclofenac by a biological
fixed bed reactor. They found that the biodegradation was the only removal mechanism of
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these compounds. The authors did not observe any adsorption of these compounds to the
sludge. Moreover, Gonzalez et al. [101] assessed the efficiency of MBR in the elimination of
a wide range of surfactants such as alkylphenol ethoxylates and their degradation products. It
was confirmed that the better elimination as a result of biodegradation.
2.8

Conclusions

This chapter depicted the MBR technology as an emerging approach to eliminate nutrients
and remove trace organic contaminants in aquatic environments. A variety of trace organics,
their occurrences, their health effects and perspective in their removal by MBR process have
been summarised.
In term of the removal of trace organics by MBRs, there are two main mechanisms including
biodegradation and adsorption. All of these factors depend on the chemical structure and
physicochemical characteristics of compounds in wastewater systems.

Moreover, other

factors relating to operation affecting the removal efficiency were reviewed.
Several research works relevant to trace organic contaminant removal in MBRs have been
conducted. However, most of them reported the fate and removal efficiencies of trace
organics. The explanations of mechanisms influencing removal were limited. The variety of
operational parameters used in those studied and provided more range of interpretation. The
chapter describes the influence of various factors on trace organic contaminant removal in
MBR processes. The understanding of mechanisms and the operating parameters will assist
the MBR processes in increasing the removal at higher efficiency.
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3 CHAPTER 3 MATERIALS AND METHODS
3.1

Introduction

This chapter describes the research methodology, experimental set-ups, analytical techniques,
and experimental protocols used in the current thesis work. The selection of trace
contaminants as well as their physicochemical properties are also described in this chapter.
Further details of the specific experimental procedures will be given in the subsequent
chapters as necessary.
3.2

Laboratory scale MBR set-ups

Two different laboratory scale MBR set-ups were used in this thesis work. Both systems were
constructed in the submerged configuration. The first MBR set-up was used for a preliminary
assessment of the removal of sulfamethoxazole and bisphenol A. The second MBR set-up
was carefully designed based on the preliminary data obtained from the first set-up and was
equipped with a sufficient level automation for long term testing.
The first MBR set-up consisted of two glass vessels for influent and effluent storage, a
plexiglass reactor with a working volume of 20 L, a submerged ultrafiltration membrane
module, a mixer, a pressure gauge, two peristaltic pumps to control the influent and effluent
flow rate, and two air pumps (Figure 3.1). Filtered compressed air was supplied through an
air diffuser located at the bottom of the plexiglass reactor. Air was also supplied to the builtin diffuser of the membrane module for fouling prevention. Further details of the first MBR
set-up can be found in Chapter 4.
The second MBR set-up (Figure 3.2 and Figure 3.3) consisted of a glass reactor with active
volume of 9 L, a mixer, a pressure sensor, an air flow meter equipped with a flow control
valve, influent and effluent pumps, and two stainless steel vessels for influent and effluent
storage. Two submerged hollow fibre ultrafiltration membrane modules supplied were used
in this set-up with a total effective membrane surface area of the two modules of 0.094 m2.
An electrical magnetic air pump (Heilea, model ACO 012) with a maximum air flow rate of
150 L/min was used to aerate the MBR set-up via a diffuser located at the bottom of the
reactor. Two smaller air pumps were also used to provide a constant air flow rate through
each membrane module to reduce fouling and cake formation. The transmembrane pressure
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was continuously monitored using the high resolution pressure sensor (±0.1 kPa) (SPER
scientific 840064) which was connected to a personal computer for data recording. The
personal computer was also used to control the permeate pump (Masterflex L/S, Cole-Parmer
Instrument Company). The mixer (IKA®RW 20 digital) was used to ensure a homogeneous
mixed liquor condition and to prevent the solids from settling to the bottom of the reactor.

Figure 3.1: Schematic diagram of the first MBR set-up.

Figure 3.2: Schematic diagram of the second MBR set-up.
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Figure 3.3: The second MBR system set-up.
3.3

Membrane module

The ultrafiltration membrane modules (ZeeWeed-1) (Figure 3.4) used in this thesis work
were kindly donated by Zenon Environmental. According to the manufacturer, the membrane
has a nominal pore size of 0.04 m and each module has a membrane surface area of 0.047
m2. The specific details of membrane module were shown in Table 3.1. The module operates
in an "outside-in" configuration, where a negative pressure provided by the pump induces a
flow of water from outside to the inside of the membrane fibres. Air was supplied to the builtin diffuser of the membrane module to prevent fouling. Unless otherwise stated, in this thesis
work, when the transmembrane pressure reached 45 kPa, the membranes were taken out from
the reactor and cleaned with tap water to remove the cake deposition layer followed by a
commercial bleach solution at the concentration of 1% for 1 hour. The membranes were then
backwashed for 5 minutes before normal MBR operation could resume.
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Figure 3.4: Membrane module was used in this study.
Table 3.1: Specification of a membrane module.
Parameter

3.4

Value

Membrane configuration

Integral immersed module

Membrane surface characteristics

hydrophilic

Membrane charge

Non-ionic

Nominal pore diameter

0.04 µm

Outside diameter of fibre

2 mm

Module dimension

Length = 17.5 cm; Diameter = 5.8 cm

Operating transmembrane pressure

0.07 to 0.55 bar

Operating pH range

5 to 9

Permeate flow range

5 to 25 mL/min

Model trace organic contaminants

In the preliminary study, sulfamethoxazole and bisphenol A were selected as model trace
organic contaminants. Subsequently, up to 40 compounds were selected for further
investigation in this research work. These compounds were selected on the basis of their
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widespread use and occurrence in sewage, effluent of the municipal wastewater treatment
plants, as well as freshwater bodies impacted secondary treated effluent [42, 58, 115].
The selection process also took into account the range of physicochemical characteristics
(e.g. neutral, acidic, ionic, hydrophilic and hydrophobic) of these compounds. Compounds
selected for this study can be grouped into the following three classes: (1) industrial,
agriculture and household chemicals; (2) pharmaceuticals and personal care products
(PPCPs); and (3) natural and synthetic hormones.
3.4.1 Industrial, agriculture and household chemicals
Numerous chemicals used in the industry, agriculture and households have been found in
receiving sewage and sewage impacted freshwater bodies [13, 40, 62, 116, 117]. Examples of
these compounds include the well-known industrial chemical bisphenol A which is a
monomer used in the production of epoxy resins and of most common form of polycarbonate
plastics. Two pesticides atrazine and linuron are also for this study. Two organic compounds
of the alkylphenol group nonylphenol and 4-tert octylphenol are selected. These compounds
are widely used as industrial surfactants and have been frequently detected in wastewater and
in some fresh water bodies.

They are used in the processing of wool and metals, as

emulsifiers for emulsion polymerization, as laboratory detergents. Chemical structures of the
compounds in this group are shown in Figure 3.5.
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Figure 3.5: Industrial, agriculture and household chemicals.
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3.4.2 Pharmaceuticals and personal care products
The occurrence of pharmaceuticals and personal care products (PPCPs) in the aquatic
environment is an emerging concern because toxic effects of these compounds may be
observed even at very low concentrations [42, 58, 118].The most significant entry route for
pharmaceuticals into the aquatic environment is the release from wastewater treatment plants.
Pharmaceutically active compounds are produced and used in very large volumes and their
use and diversity is increasing every year. More than 80 compounds of pharmaceuticals
including analgesics, antibiotics, antiepileptics, β-blockers and lipid regulators were found in
wastewater treatment plants in Austria, Brazil, Canada, Croatia, Germany, Greece, Italy,
Spain, Switzerland, the Netherlands, the UK, Japan and the US [5, 42, 43, 45, 115]. There are
various pharmaceuticals in different therapeutic groups and diverse physicochemical
properties. Most pharmaceutical substances are biologically active and hydrophilic. They also
are persistent to avoid degradation before they have a curing effect. Some of them are
excreted as a mixture of metabolites, as unchanged substance or conjugated with an
inactivating compound attached to the molecule mixture of metabolites. In this study, the
varieties of compounds represent a large group of PPCPs consisted of prescription and nonprescription pharmaceuticals for human use including analgesics and anti-inflammatory drugs
such as ibuprofen, ketoprofen, naproxen and diclofenac, lipid regulators and cholesterollowering drugs (clofibric acid, gemfibrozil), antibiotics (sulfamethoxazole, trimethoprim),
antiepileptic drug (carbamazepine), β-blocker (atenolol) and the ingredients in personal care
products such as DEET which is the most common active ingredient in insect repellents,
triclosan and triclocarban used as antimicrobial disinfectants. Their chemical structures are
shown in Figure 3.6. Diverse chemical structures and elementary composition of compounds
include presence of polar groups such as hydroxyl group, complex chemical structures with
nitro and chlorine groups, phenolic and amide-type groups. Their chemical structures suggest
that they may be persistent in the environment and the removal efficiency of these
compounds by MBRs may vary greatly.
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Figure 3.6: Pharmaceutical and personal care products (PPCPs).
3.4.3 Natural and synthetic hormones
Hormones, either natural or synthetic, belong to a major group of substances known to cause
adverse health effects in aquatic organisms at very low concentration even in the range of 0.1
to 0.5 ng/L [75]. For example, 17β-estradiol and 17α-ethynylestradiol have been identified to
cause adverse development and reproduction issues in fish exposed to municipal wastewater
effluent [119, 120]. Though there is no evidence to confirm the direct impacts on human, the
effect of endocrine disrupting compounds (EDCs) in particular steroid hormones is of
heightened interest. The compounds in these groups are highly hydrophobicity. Some of them
enter surface waters through effluents of wastewater treatment plants and they are degraded
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incompletely in treatment process. Ternes et al. [121] found elimination rates for estrogens of
68% (16α-hydroxyestrone) and about 64% (17β-estradiol) in municipal sewage treatment.
According to the presence of these compounds in aquatic environments, the natural and
synthetic hormones which have similar chemical structures as seen in Figure 3.7 were
selected.
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Figure 3.7: Natural and synthetic steroid hormones.
The physico-chemical properties of trace organic compounds can greatly influence their
removal efficiency by MBR processes. Important properties of trace organic compounds
relevant to their removal efficiency by an MBR process include molecular weight, the acid or
basic dissociation constant (pKa or pKb), and the octanol/water partition coefficient (log P or
log Kow). Recently, several researchers argue that log D (which takes into account both the
compound intrinsic hydrophobicity, the pKa value of the compound, and the solution pH) is a
better parameter to evaluate the hydrophobicity of the compound [108, 109]. Physicochemical
properties of the 40 selected compounds are summarized in Table 3.2.
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Table 3.2: Relevant physicochemical properties of selected compounds.
No

Compound

Formula

MW
(g/mol)

pKaa

Log Pa

Log Da
at pH 8

1

Paracetamol

C8H9NO2

151.17

9.86

0.34

0.34

2

DEET

C12H17NO

191.27

-1.37

1.96

1.96

3

Caffeine

C8H10N4O2

194.19

0.73

-0.13

-0.13

4

Ibuprofen

C13H18O2

206.3

4.41

3.72

1.16

5

4-tert-octylphenol

C14H22O

206.32

10.15

4.93

4.93

6

Atrazine

C8H14ClN5

215.7

2.35

2.63

2.63

7

Meprobamate

C9H18N2O4

218.3

13.09

0.70

0.70

8

Primidone

C12H14N2O2

218.3

12.26

0.40

0.40

9

Nonylphenol

C15H24O

220.4

10.14

6.19

6.19

10

Bisphenol-A

C15H16O2

228.3

9.73

3.43

3.43

11

Naproxen

C14H14O3

230.3

4.84

2.99

0.85

12

Carbamazepine

C8H9NO2

236.3

13.94

2.67

2.67

13

Linuron

C9H10Cl2N2O2

249.1

12.13

3.20

3.2

14

Gemfibrozil

C15H22O3

250.3

4.75

4.39

2.15

15

Dilantin

C15H12N2O2

252.3

8.33

2.52

2.50

16

Triamterene

C12H11N7

253.3

6.30

1.34

1.26

17

Sulfamethoxazole

C10H11N3O3S

253.3

5.81

0.89

-0.027

18

Ketoprofen

C16H14O3

254.3

4.23

2.81

0.09

19

Atenolol

C14H22N2O3

266.3

13.88

0.097

-2.02

20

Estrone

C18H22O2

270.4

10.25

3.69

3.69

21

17β-estradiol

C18H24O2

272.4

10.27

4.13

4.13

22

Amitriptyline

C20H23N

277.4

9.18

4.92

2.79

23

Androstenedione

C19H26O2

286.4

n.a.

2.90

2.90
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Table 3.2: (continued)
No

Compound

Formula

MW
(g/mol)

pKaa

Log Pa

Log Da
at pH 8

24

Estriol

C18H24O3

288.4

10.25

2.94

2.94

25

Testosterone

C19H28O2

288.4

15.06

3.48

3.47

26

Triclosan

C12H7Cl3O2

289.5

7.80

5.17

5.11

27

Trimethoprim

C14H18N4O3

290.3

7.20

0.79

0.38

28

Androsterone

C19H30O2

290.4

15.13

3.75

3.75

29

Etiocholanolone

C19H30O2

290.4

15.13

3.75

3.75

30

Diclofenac

C14H11Cl2NO2

296.2

4.18

4.06

1.28

31

17αethynylestradiol

C20H24O2

296.4

10.24

4.52

4.52

32

Triclocarban

C13H9Cl3N2O

315.6

12.77

5.75

5.74

33

Clozapine

C18H19ClN4

326.8

7.14

3.48

3.09

34

Omeprazole

C17H19N3O3S

345.4

8.46

2.17

2.15

35

Hydroxyzine

C21H27ClN2O2

374.9

14.41

2.03

1.96

36

Enalapril

C20H28N2O5

376.5

3.17

2.43

-0.72

37

Risperidone

C23H27FN4O2

410.5

7.89

2.89

1.94

38

Simvastatin

C25H38O5

418.6

13.49

4.42

4.41

39

Sim-hydroxy acid

C25 H40 O6

453.6

n.a.

n.a.

n.a.

40

Verapamil

C27H38N2O4

454.6

8.97

3.90

1.96

Source: SciFinder Scholar, data calculated using Advanced Chemistry Development
(ACD/Labs) Software V8.14 for Solaris (1994-2007 ACD/Labs).
These compounds span a wide range of molecular weight from 151 to 455 Daltons. Larger
molecules cannot penetrate membrane pores due to size exclusion.

However, a few

compounds have larger molecules than the molecular weight cut-off (MWCO) of the
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membrane. Therefore, selected molecular sizes may be a minor role on removal efficiency by
MBR process.
Log P or log Kow is a measure of the hydrophobicity of an organic compound. The log P
measurement is obtained from the neutral compound in water and octanol in equilibrium.
However, at neutral pH, some of the selected compounds are not neutral and therefore the pH
considering log D is more exact for these compounds as the log P. Log D and log P are
equivalent if the compound is not ionisable. In this study, log D at pH 8 is presented as an
appropriate physicochemical parameter for understanding behavior of compounds in MBR
treatment process. According to Wells [108], compound having log D of lower than 1 is
defined as highly hydrophilic while compound having log D of more than 3 is considered to
be highly hydrophobicity.
The removing organic compounds from MBR process may rely on adsorption and
biodegradation.

Log P value can be applied to demonstrate how hydrophobicity of

compounds can influence their adsorption onto sludge and therefore their subsequent removal
by MBRs. In this study, log D values of selected compounds in MBR treatment process range
from very hydrophilic (log D at pH 7 of -0.13) to very hydrophobic (log D at pH 7 of 6.2).
3.5

Model wastewater

Synthetic wastewater was used in this study to simulate high strength municipal wastewater.
The concentrated synthetic wastewater was prepared and stored in a refrigerator at 4oC. It
was then diluted daily with MilliQ water to make up a feed solution containing glucose (800
mg/L), peptone (150 mg/L), KH2PO4 (35 mg/L), MgSO4 (35 mg/L), FeSO4 (20 mg/L), and
sodium acetate (450 mg/L) unless otherwise stated. Composition of the synthetic wastewater
was similar to that in a previous study by Zhang [122].
3.6

Analytical techniques

3.6.1 pH, conductivity and turbidity
Mixed liquor pH was measured by a Metrohm Advanced pH/Ion Meter. The pH meter was
calibrated daily.

Conductivity of the influent, mixed liquor and effluent samples was

measured using pH/conductivity meter (430 JENWAY). Turbidity of the influent and effluent
53

Chapter 3 Materials and Methods

was measured using a turbidimeter (HACH 2100A) in the following ranges between <0.1 and
2000 NTU within an accuracy of 2% full scale.
3.6.2 Total organic carbon (TOC) and total nitrogen (TN)
TOC and TN concentrations were determined using a Shimadzu TOC/TN-VCSH
analyser.The combination of the TOC-VCSH and the TNM-1 can simultaneously measure for
TOC and TN. TOC analysis was conducted in non-purgeable organic carbon (NPOC) mode
in order to reduce a large error in TOC value due to high amount of inorganic carbon (IC) in
the samples. The sample was acidified and sparged using with ultrapurity air to drive off the
inorganic carbon in the form of CO2 gas. For total nitrogen determination, TN is the sum of
the nitrogen presenting in all nitrogen-containing components (organic, ammonia, nitrite and
gaseous nitrogen) in influent and permeate. A nitrogen-based sample is combusted to
nitrogen monoxide and nitrogen dioxide. The nitrogen species are then reacted with ozone to
form nitrogen dioxide. Then, total nitrogen (TN) is measured using a chemiluminescence
detector. All samples were kept at 4°C until analysed and calibrations were performed every
month in the range between 0 and 1,000 mg/L for TOC and between 0 and 100 mg/L for TN.
Total organic carbon analysis is a determination of organic carbon in a sample regardless of
its oxidation state or biodegradability. Other measures of total organic matter (e.g. COD,
BOD) may respond differently to solutions of equal carbon concentration depending on the
oxygen content or the biodegradation kinetics. For the measurement of TOC, the sample is
exposed to an oxidizing environment often at very high temperatures. With complete
oxidation all carbon is converted to carbon dioxide and swept into a detector by the carrier
gas. The oxidation process is based on the following stoichiometry:
CaHbNcOd  ( a 

b d
b
c
 )O2  aCO 2  H 2 O  N 2
4 2
2
2

Eq. 1

3.6.3 Total carbon (TC) standard stock solution and calibration
TC standard solutions were prepared by weighing 2.125 g of reagent grade potassium
hydrogen phthalate which was previously dry at 105°C for 1 h and cooled in a desiccator and
transfer to a 1L volumetric flask and dissolve in MilliQ water and then volume up to 1L. This
solution was as the standard stock solution with the concentration of 1,000 mg C/L. The
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standard stock solution was diluted with MilliQ water to prepare standard solution at 0, 50,
100, 500 and 1,000 mg C/L. The standard calibration curve of TOC is shown in Figure 3.8.
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Figure 3.8: An example of TOC calibration curve.
3.6.4 Total nitrogen (TN) standard stock solution and calibration
TN standard solutions were prepared by weighing 7.219 g of reagent grade potassium nitrate
which was previously dry at 105°C for 3 h and cooled in a desiccator and transfer to a 1L
volumetric flask and dissolve in MilliQ water and then volume up to 1L. This solution was as
the standard stock solution with the concentration of 1,000 mg N/L. The standard stock
solution was diluted with MilliQ water to prepare standard solution at 0, 5, 20, 50 and 100 mg
N/L. The standard calibration curve for TN is shown in
Figure 3.9.
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Figure 3.9: An example of TN calibration curve.
3.6.5 Mixed liquor suspended solids (MLSS)
MLSS concentration in the reactor was measured in accordance to the Standard Methods for
the Examination of Water and Wastewater [123]. A filter paper was washed with 10 mL
MilliQ water. A mixed sample of 10 mL was filtered through a glass-fiber filter. However, at
high concentration of biomass, the dilution of samples was found necessary. The residue
retained on the filter was dried to a constant weight at 105°C in oven for 1h or until the
weight was stable. The MLSS was calculated following equation 2. For the measurement of
mixed liquor volatile suspended solids (MLVSS), the residue of MLSS was ignited at 550°C
for 20 min in a furnace. After cooling in a desiccator, the weight was measured again. Each
measurement was done in three replicates.
Calculation
MLSS 

( A  B )  1000
Sample
volume
( mL )

A = weight of filter + dried residue, mg, and
B = weight of filter, mg
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3.6.6 Dissolved oxygen (DO)
DO was monitored continuously with a DO meter (YSI model 59, USA) and the air flow rate
was adjusted manually through the setting of the input air value. Unless otherwise stated, the
DO was maintained at 1.5±0.5 mg/L in the membrane tank to supply sufficiently oxygen for
microorganisms activities. In an investigation of the distribution profile of DO within the
reactor, various DO values were detected at different positions (bottom, middle and top level
from 2.5 cm of surface water level). It was indicated that MLSS in the reactor could not be
mixed well (see appendix A).
3.6.7 Trace contaminant analysis
During the preliminary experimental phase (Chapter 4), a Shimadzu HPLC system was used
for the analysis of sulfamethoxazole and bisphenol A (Figure 3.10). The system was
equipped with a Supelco Drug Discovery C-18 column and a UV detector. Detection
wavelengths for both bisphenol A and sulfamethoxazole were set at 280 nm. The mobile
phase used for gradient elution was MilliQ grade deionised water buffered with 25 mM
KH2PO4 and acetonitrile, which was delivered at 1 mL/min through the column. Calibration
generally yielded standard curves with coefficients of determination (R2) greater than 0.98
within the range of experimental concentrations used. The analysis was carried out
immediately upon the conclusion of each experiment. A sample injection volume of 50 μL
was used, and the quantification limit for all the analytes under investigation using these
conditions was approximately 20 μg/L.
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Figure 3.10: The HPLC system used in this study.

Figure 3.11: The LC-MS/MS system used in this study for sub-microgram per litre level
analysis of model trace organic compounds
In the subsequent experimental phase, the analysis of all the model trace organics was
conducted using a Liquid Chromatography Tandem Mass Spectrometry (LC-MS/MS) based
the method previously developed by Vanderford and Snyder [124]. These analyses were
carried out at the Water Research Laboratory of the University of New South Wales.
Analytes were extracted using 5 mL, 500 mg hydrophilic/lipophilic balance (HLB) cartridges
(Waters, Millford, MA, USA). Cartridges were pre-conditioned with 5 ml of tert-butyl methyl
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ether (MTBE), 5 mL of methanol and 5 mL of reagent water respectively. Samples were
spiked with a solution containing 50 ng of an isotopically labeled version of each analyte.
The sample was then loaded onto the cartridges at 15 mL/min, after which the cartridges were
rinsed with 5 mL of reagent water and dried with a stream of nitrogen for 30 min. Loaded
cartridges were stored at 4 °C in sealed bags under nitrogen until elution and analysis. The
procedure in preparation of samples and extraction was summarized in Figure 3.12 and
Figure 3.13 showed the solid phase extraction manifold using for separating compounds from
aqueous phase. Analytes were eluted from the cartridges with 5 mL of methanol followed by
5 mL of 1/9 (v/v) methanol/MTBE into centrifuge tubes. The resulting extract was
concentrated using vacuum assisted evaporation to approximately 100 mL. The extract was
brought to a final volume of 1 mL with methanol.
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Figure 3.12: The diagram depicted the process of sample preparation and solid phase
extraction.
Analytes were separated using an Agilent (Palo Alto, CA, USA) 1200 series high
performance liquid chromatography (HPLC) system equipped with a 150 x 4.6 mm, 5 mm
particle size, Luna C18 (2) column (Phenomenex, Torrence CA, USA) . A binary gradient
consisting of 5 mM ammonium acetate in water (A) and 100% methanol (B) at a flow rate of
0.8 mL/min was used. For ESI positive analyses, the gradient was as follows: 10% B held for
0.50 min, stepped to 50% B at 0.51 min and increased linearly to 100% B at 8 min, then held
at 100% B for 2 min. For ESI negative analyses, the gradient was as follows: 10% B held for
0.50 min, stepped to 60% B at 0.51 min and increased linearly to 100% B at 8 min, then held
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at 100% B for 3 min. A 5 min equilibration step at 10% B was used at the beginning of each
run. An injection volume of 10 mL was used.

Figure 3.13: The solid phase extraction manifold consists of cartridges dripping into the
chamber below, where tubes collect the effluent and a vacuum port with gauge used to
control the vacuum applied to the chamber.
Mass spectrometry was performed using an API 4000 triple quadrupole mass spectrometer
(Applied Biosystems, Foster City, CA, USA) equipped with a turbo-V ion source employed
in both positive and negative electro-spray modes. For each analyte and internal standard a
precursor ion and two product ions were monitored for reliable confirmation. Relative
retention times of the analyte and isotopically labeled internal standard were also monitored
to ensure correct identification [124].
Standard solutions of all analytes were prepared at 1, 5, 10, 50, 100, 500 and 1000 ng/mL. A
relative response ratio of analyte/internal standard over a 1 – 1,000 ng concentration range
was generated enabling quantitation with correction for losses due to ion suppression and
incomplete SPE recovery. All calibration curves had a correlation coefficient of 0.99 or
better. Detection limits were defined as the concentration of an analyte giving a signal to
noise (s/n) ratio greater than 3. The Limit of Reporting was determined using an s/n ratio of
greater than 10.
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3.7

Experimental protocol

In the preliminary experimental phase, the reactor was initially seeded with activated sludge
from the Wollongong sewage treatment plant. Synthetic wastewater was used to provide a
source of carbon, nitrogen, phosphorous, and trace metal ions required for biomass growth.
The synthetic wastewater was prepared freshly each day and fed continuously into the
reactor. In the baseline position, the membrane permeate flow rate was set at 3.8 L/m2h,
corresponding to a hydraulic retention time of 24 hours. Air was supplied by filtered
compressed air at a flow rate of 2.5 L/min through air diffuser located at the bottom of the
aerated tank. Air was also supplied to the built-in diffuser of the membrane module to prevent
fouling. Temperature of the mixed liquor was maintained at 22°C within a temperaturecontrolled room. The sludge in the reactor was not extracted except for occasional MLSS
sampling. Trace organic contaminants were spiked into the synthetic wastewater in
succession at a concentration of 750 g/L for the experiment of the first MBR system.
For the second system, after the initial start up process which lasted about 2 months, a small
amount of sludge was regularly extracted from the reactor to keep the sludge age at
approximately 70 days. The hydraulic retention time was set at 24 hours, corresponding to
permeate flux of 4.3 L/m2h (or 6.7 mL/min). The MBR system was operated dynamically in
intermittent permeation mode to operate on a 14 minutes suction and 1 minute off cycle to
provide relaxation time to the membrane modules for reducing membrane fouling, which was
controlled by computer-controlled pumps respectively. Dissolved oxygen concentration in the
reactor was monitored daily and kept constant at 2 ± 1 mg/L by controlling the aeration flow
rate. The reactor temperature was housed in an air-conditioned room and the reactor
temperature was kept constant at 22±2oC by recirculating thermostated water through a tube
placed around the reactor. Performance of the MBR setup with regard to basic water quality
parameters was then monitored for about 3 months. After approximately 3 months of stable
operation, trace organic contaminants were spiked into the feed solution. The feed solution
was kept in a stainless steel reservoir at room temperature (22±2oC). Both influent and
effluent samples were taken in duplication for trace organic contaminants analysis after 2 and
4 days of operation throughout the experiments (see Appendix B). Removal efficiency was
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 , where CEff and CInf are effluent and influent concentrations



(ng/L), respectively. It is noteworthy that the term removal here does not necessarily indicate
complete mineralisation of the trace organics to carbon dioxide and water.
3.8

Conclusions

This chapter described the laboratory scale MBR setups using in the preliminary experiment
and subsequent experiments. In this study, 40 trace organic compounds were selected
following the occurrence in receiving water and wastewater from literatures. Variety of
physicochemical properties was considered as possible effect on the removal efficiency by
MBR process. The selected organics represented three dominant groups of emerging
wastewater trace organics. The chapter also included the detailed information about the
synthetic wastewater, analytical techniques of relevant physical and basic biological
parameters as well as trace organic analysis.
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4 CHAPTER 4 PRELIMINARY MBR EXPERIMENT
4.1

Introduction

The occurrence of trace contaminants such as endocrine disrupting chemicals (EDCs) and
pharmaceutically active compounds (PhACs) in treated and untreated sewage has recently
become a significant environmental health concern. While most of these contaminants have
not yet been regulated, there is an urgent need to remove them during wastewater treatment in
order to better protect the environment. There is also a growing pressure from a recent trend
towards indirect potable water reuse (IPR) in many metropolitan and arid areas around the
world to alleviate the current and future water shortage [125, 126]. At the same time, it has
been widely recognised that membrane bioreactors (MBRs), which combine membrane
filtration and biological process for wastewater treatment, may play a major role in the
production of high quality reclaimed water suitable for a wide range of water reuse
applications. Although becoming commercially available only more than ten years ago, the
technology has been well proven [127-130] and can provide a superior removal efficiency
over many other conventional processes for most basic water quality indicators such as
pathogens, suspended solids and nutrient [23, 126, 130]. However, despite the increasing
number of studies and full-scale applications of MBRs system, further research efforts are
still required. One particular challenge is the need to better understand the performance of
MBR with respect to the removal of trace organic contaminants [17].
In fact, the efficiency of MBR technology as a barrier for trace organic contaminants such as
EDCs and PhACs as well as the removal mechanisms remain unclear [17, 23, 71, 83, 131].
Previous studies have indicated significant variation in biological removal of trace organics
by MBRs, ranging from near complete removal for some compounds (e.g. ibuprofen and
bezafibrate) to almost no removal for several others (e.g. carbamazepine) [71]. However, the
reasons for such variation are still poorly understood. Kimura et al. [83] suggested that poor
removal of acidic pharmaceuticals could possibly be attributed to the presence of chlorine in
their molecular structure or their relatively complicated aromatic rings. In a similar study,
Urase et al. [72] reported high removal efficiency of the EDCs while that of several other
pharmaceuticals were considerably lower. In addition, these authors also reported a
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considerable enhancement in removal efficiency of certain trace organics such as ibuprofen
and ketoprofen when the MBRs were operated under an acidic condition rather than a neutral
one [72].
Given the apparent lack of understanding of MBR performance regarding the removal of
trace organic contaminants, laboratory scale experiments were conducted in this study to
investigate their removal mechanisms using a submerged MBR system. Bisphenol A (BPA)
and sulfamethoxazole were selected as model trace organics. Biodegradability as well as
physicochemical properties of these two compounds were examined in detail and correlated
to experimental data to elucidate factors influencing their removal efficiency.
4.2

Materials and methods

4.2.1 Experimental set-ups
A laboratory scale MBR set-up (Figure 4.1) consisting of an aerated tank, submerged
membrane module, mixer, pressure gauge, influent and effluent pumps was used. The
membrane used was a ZeeWeed®-1 (ZW-1) ultrafiltration module supplied by Zenon
Environmental. According to the manufacturer, this module has a nominal pore size of 0.04
m and membrane surface area of 0.047 m2. The module operates in an "outside-in"
configuration, where a negative pressure provided by the pump induces a flow of water from
outside to the inside of the membrane fibres. Air was supplied by filtered compressed air at a
flow rate of 2.5 L/min through air diffuser located at the bottom of the aerated tank. Air was
also supplied to the built-in diffuser of the ZeeWeed®-1 membrane module to prevent
fouling.
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Figure 4.1: Membrane bioreactor set-up.

4.2.2 Model trace organics
Bisphenol A (BPA) and sulfamethoxazole were selected in this study as model trace organics
for the EDCs and PhACs, respectively. These compounds are some of the most commonly
occurring trace contaminants in secondary treated effluent and sewage impacted water
bodies. BPA is a well-known endocrine disrupter chemical while sulfamethoxazole is one of
the most frequently used antibiotics. Although both compounds have very similar molecular
weights and dimensions, their intrinsic physicochemical properties are distinctively different
(Table 4.1). While BPA is a moderately hydrophobic compound, sulfamethoxazole is quite
hydrophilic as can be seen from their log Kow values. The compounds were purchased from
Sigma-Aldrich (Saint Louis, MO) with a purity of 99 % or higher. The trace organics were
first dissolved in pure methanol to make up stock solutions of 1 g/L. The stock solutions
were stored at < 4 oC and were used within one month.
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Table 4.1: Physicochemical properties of the model trace organics.
Property

Bisphenol A

Sulfamethoxazole

Molecular weight (g/mol)

228

253.3

Molecular widtha (nm)

0.383

0.526

Molecular heighta (nm)

0.587

0.587

Molecular lengtha (nm)

1.068

1.031

pKa = 10.1

pKa1 = 1.4, pKa2 = 5.8

3.32

0.81

Dissociation constant
Log KOW

O H
H2N

Chemical structure

S N

N
O

O

HO

OH

CH3

3D model

a

Calculated using ChemOffice 2005

4.2.3 Experimental protocol
The reactor was initially seeded with activated sludge from the Wollongong sewage treatment
plant. Synthetic wastewater was used to provide a source of carbon, nitrogen, phosphorous,
and trace metal ions required for biomass growth. The synthetic wastewater was prepared
freshly each day and fed continuously into the reactor. Composition of this synthetic
wastewater is shown in Chapter 3 section 3.5. The membrane permeate flow rate was set at
3.8 L/m2h, corresponding to a hydraulic retention time of 24 hours. When required, the
membrane module was cleaned with tap water to remove the cake deposition layer followed
by 30 min aeration in a 1% NaOCl solution. The sludge in the reactor was not extracted
except for occasional MLSS sampling. Trace organic contaminants were spiked into the
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synthetic wastewater in succession at a concentration of 750 g/L. Removal is calculated

 C
as R  100  1  P
 CF


 , where CP and CF are permeate and feed concentrations (g/L),


respectively. It is noteworthy that the term removal here does not necessarily indicate
complete mineralisation of the trace organics to carbon dioxide and water.
4.2.4 Analytical methods
Measurements of trace organic concentrations in feed and permeate samples were conducted
using a Shimadzu HPLC system equipped with a Supelco Drug Discovery C-18 column and a
UV detector. Detection wavelengths for both bisphenol A and sulfamethoxazole were set at
280 nm. DI water (buffered with 0.025 M KH2PO4) and acetonitrile were used as the mobile
phase. Analysis was carried out immediately following the experiments. Total organic carbon
(TOC) and total nitrogen (TN) were analysed using a Shimadzu TOC/TN-VCSH analyser.
TOC analysis was conducted in non-purgeable organic carbon (NPOC) mode. Samples were
kept at 4°C until analysed and calibrations were performed in the range between 0 and 1000
mg/L and 0 to 100 mg/L for TOC and TN, respectively. All other analyses were conducted in
accordance to the Standard Methods for the Examination of Water and Wastewater.
4.3

Results and discussion

4.3.1 MBR performance: basic water quality parameters
To evaluate the overall performance of the MBR system, measurements of turbidity, TOC,
TN, conductivity, and pH of the feed and permeate were conducted daily. The results indicate
an excellent performance of MBR with regard to basic water quality parameters. Turbidity of
the effluent was consistently below 1 NTU during the entire experiment. As can be seen in
Figure 4.2, after a relatively short start up time, stable TOC removal was achieved and TOC
content of the effluent was typically in the range of less than 50 mg/L, representing
approximately 95 – 98% TOC removal.
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It is noteworthy that MBR performance appears to be independent of the MLSS
concentration in the reactor. Since no sludge withdrawal was conducted, MLSS was found
increasing linearly to approximately 4500 mg/L at the end of the experiment. The high TOC
removal efficiency observed in this study is possibly contributed to the conversion of soluble
organics into insoluble biomass rather than their complete mineralisation into carbon dioxide.
This hypothesis is also supported by high total nitrogen (TN) removal efficiency (Figure 4.3).
While there were some considerable variations, TN concentrations of the effluent were
typically less than 1 mg/L, representing more than 95% removal in most cases. Because the
aerobic condition of the reactor did not support the denitrification process, once again
conversion of soluble organic substances into insoluble biomass could be responsible for this
high TN removal efficiency.
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Figure 4.2: Dynamic variation of influent and effluent TOC concentrations and TOC
removal efficiency.
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Figure 4.3: Dynamic variation of influent and effluent TN concentrations and TN removal
efficiency.
4.3.2 Removal of trace organics
4.3.2.1

Biodegradability of the model trace organics

Quantitative structure-activity relationship (QSAR) analyses were performed to assess the
biodegradability of the model trace organic bisphenol A and sulfamethoxazole using the
BIOWIN software (EPI Suite version 3.20) from the United States Environmental Protection
Agency. This Windows based software is an excellent screening level tool that allows for a
quick environmental fate estimation of a given organic compound based on its molecular
structure [132]. Predicted aerobic biodegradability of the two compounds using 4 BIOWIN
models is presented in Table 4.2. All four models indicate that sulfamethoxazole is
marginally more persistent to biodegradation than bisphenol A. The primary and ultimate
biodegradation models also show that both compounds are relatively persistent under an
aerobic condition, with their primary biodegradability half-life ranging from days to weeks
(see Table 4.2).
Table 4.2: Estimated aerobic biodegradability of the model trace organics by the BIOWIN
v4.20 Quantitative Structure-Activity Relationship software (EPA EPI Suit v3.20).
Biodegradation probability
Compound

Linear modela

Non-linear
modela

Primary
Biodegb

Ultimate
Biodegb

Sulfamethoxazole

0.4479

0.1281

3.3054

2.4297

Bisphenol A

0.6866

0.4653

3.4443

2.5953

Note: Large probability value indicates better biodegradability.
a

For the linear and non-linear models: probability > 0.5 indicates fast
biodegradation; probability < 0.5 indicates slow biodegradation.
b

For the survey model (primary and ultimate biodegradation): probability < 5.00
indicates biodegradability (half-life) of hours; probability < 4.00 indicates
biodegradability of days; probability < 3.00 indicates biodegradability of weeks;
probability < 2.00 indicates biodegradability of months.
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4.3.2.2

MBR performance

The model trace organic sulfamethoxazole and bisphenol A were spiked into the feed
solution at a concentration of 750 g/L from day 10 to 28 and from day 34 to 41 of the
experiment, respectively. As can be predicted by the QSAR analyses, the removal efficiency
of sulfamethoxazole was lower than that of bisphenol A (Figure 4.4 and Figure 4.5).
However, it is noteworthy that while QSAR modelling can provide a good qualitative
prediction, it has considerably underestimated the removal efficiency of bisphenol A by the
MBR process. Since the experimental hydraulic retention time was 24 hours, the obtained
removal efficiency of bisphenol A of approximately 90% indicates a considerably shorter
biodegradation half-life of this compound in the MBR system. Both sulfamethoxazole and
bisphenol A have quite similar molecular dimensions (see Table 4.1) and given the nominal
pore size of 0.04 m of ZW-1 membrane, retention of these compounds by the membrane
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Figure 4.4: Influent and effluent sulfamethoxazole concentrations and removal efficiency of
sulfamethoxazole (pH of the mixed liquor ~ 7.5).
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Figure 4.5: Influent and effluent bisphenol A concentrations and removal efficiency of
bisphenol A (pH of the mixed liquor ~ 7.5).
While sulfamethoxazole was predicted by the BIOWIN software to be slightly more
persistent than bisphenol A, it is hypothesized that the remarkable difference in removal
efficiency between these two compounds can also be attributed to their physicochemical
properties. Bisphenol A is a hydrophobic compound as indicated by its relatively high log
KOW (see Table 4.1). Bisphenol A would adsorb readily onto sludge particles and therefore,
bisphenol A could be effectively retained in the reactor as biomass. Moreover, it has also
been reported that the adsorbed trace organics were relatively easily biodegraded [72]. In
contrast, sulfamethoxozole is a highly polar compound. Sulfamethoxazole can exist in
positive, neutral, as well as negative forms as it possesses two ionizable amine groups. pH of
the mixed liquor was found to be approximately 7.5, which is well above the compound’s
second pKa value (pH 5.8). Under this experimental condition, sulfamethoxazole exists
predominantly as a negatively charged species in the aqueous phase. As a result, partition (or
adsorption) of sulfamethoxazole into sludge is not possible and biodegradation is expected to
be the sole removal mechanism of sulfamethoxazole. Furthermore, attachment of
microorganisms onto sulfamethoxazole could be greatly reduced, resulting in a lower
bioavailability of the negatively charged sulfamethoxazole species.
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Since adsorption of trace organics to sludge particles can provide a considerable additional
removal capacity, it is clear that in addition to QSAR analysis, it is necessary to take into
account the speciation of the trace organic compounds as well as their water-octanol
partitioning coefficient (log KOW). The results reported in this study also indicate an
interesting scope for a combination of MBR and nanofiltration (NF) or reverse osmosis (RO)
as complementary treatment processes for the removal of trace organic contaminants. While
the removal efficiency of polar or negatively charged trace organic species by MBR is
expected to be low due to the absence of their adsorptive capacity, previous research has
shown that they can be effectively removed by NF/RO membranes [83, 133, 134].
4.4

Conclusions

This study demonstrates a superior performance of MBR regarding the removal of basic
water quality parameters such as turbidity, TOC and TN. QSAR analysis was found to be a
useful qualitative tool for the prediction of trace organic removal. However, removal
efficiency of specific trace organic contaminants was also found strongly dependent on their
log KOW as well as their speciation behaviour. Approximately 90% removal of BPA was
recorded, while under a similar condition, the removal efficiency of sulfamethoxazole was
only about 50%. Both biodegradation and adsorption to the sludge were thought to be
responsible for the removal of BPA, which is a relatively hydrophobic organic compound. In
contrast, the latter mechanism was absent for sulfamethoxazole as this compound exists
predominantly in as negatively charged species under the experimental condition of this
study. Results indicate that physicochemical properties of the trace organic contaminants
should be taken into account when assessing their removal efficiency. Furthermore, this
prediction ability would lead to better selection of subsequent complementary treatment
processes prior to indirect potable water reuse.
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5 CHAPTER 5 BASIC BIOLOGICAL PERFORMANCE OF THE MBR SYSTEM
5.1

Introduction

The overarching aim of this project was to evaluate the effects of key operating parameters
on the performance of MBR treatment of wastewater. Experiments were conducted at
different operating conditions to evaluate their effects on both basic biological performance
as well as the removal of trace organic contaminants by a laboratory submerged MBR
system. Performances of the MBR with respect to basic water quality parameters and trace
organic removal efficiencies were monitored simultaneously.
This chapter provides an overview of the long term performance of the MBR with respect to
its basic performance parameters including transmembrane pressure (TMP), and the removal
of total organic carbon (TOC), total nitrogen (TN), and turbidity. The effects of different
operating conditions on trace organic removal efficiency will be discussed in detail in
subsequent chapters. It is noted that descriptions of the MBR system and analytical
techniques have been provided in Chapter 3. The obtained data are systematically analysed to
depict the overall biological performance of the MBR over more than two years of
continuous operation.
5.2

Experimental road map

The operation of the lab-scaled MBR was initiated on May 22, 2008. Synthetic wastewater
was continuously fed into the bioreactor. The start-up phase continued until June 17, 2008 to
ensure the stability of operating conditions in the system and build up the mixed liquor
suspended solids (MLSS) concentration. At the end of the start up phase, the MLSS
concentration was 15 g/L and the removal of TOC and TN was very stable. At the conclusion
of the start up phase, four sets of experiments were conducted. The experimental road map is
schematically presented in Figure 5.1. The screening experiment was conducted with the
presence of over 40 trace organic compounds in the influent. The aim of this experiment was
to link the physicochemical properties of the trace organic contaminants to their removal
efficiencies by MBR treatment. The second set of experiments investigated the effects of the
mixed liquor pH on the performance of the MBR. The effects of four key operating
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conditions namely hydraulic retention time (HRT), dissolved oxygen (DO) content,
temperature and MLSS content on the performance of the MBR were also investigated. The
last set of experiments evaluated the influence of salinity in the range of up to 12 g/L of
NaCl on the removal of selected trace organic contaminants. Specific conditions of these
experiments are described in the next section.

Figure 5.1: Schematic description of MBR experiments.

5.3

Experimental protocol

The effects of operating condition on the performance of the MBR were examined by varying
one operating parameter while maintaining all other key parameters at a steady state. Unless
otherwise stated, all key operational parameters were kept constant throughout the
experiment as shown in Table 5.1. At the end of each experiment, the system was returned to
a normal condition and was operated for approximately one month prior to the next
experiment to avoid any residual effects. Parameters investigated in this study include pH of
the reactor, HRT, DO content in the reactor, temperature, MLSS content, and salinity of the
influent Figure 5.1. One experiment was also conducted to provide an insight to the
relationship between the physicochemical properties of trace organics and their removal
efficiencies. In this chapter, these experiments are referred to according to their key
objectives.
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Screening experiment: Over 40 trace organic compounds were selected for this experiment.
These compounds were selected to present a wide spectrum of trace organics of concern in
wastewater and water recycling application. Further details of their selection and their
physicochemical properties will be described in Chapter 6. With the TOC and TN
concentrations in the influent being the only two exceptions, all other operational parameter
of this experiment were similar to that described in Table 5.1. The stock solution of these
trace organic compounds was prepared in acetonitrile and was continuously introduced to the
influent to make up approximately 2 μg/L of each individual compound. The introduction of
acetonitrile to the feed water caused an increase in the TN concentration of the influent to
approximately 50 mg/L. The wastewater strength of the influent was reduced to half during
this experiment and the TOC concentration was 230 mg/L.
Table 5.1: Basic operational parameters of the project.
Parameter

Value

pH in the reactor

7.0 ± 0.5

TOC of the influent feed water (mg/L)

530

TN of the influent (mg/L)

50

HRT (h)

24

Membrane flux (L/m2/h)

4.3

DO in MBR in the reactor (mg/L)

2±1

Temperature ( °C)

20±1

MLSS (g/L)

8.1-10

Salinity (µs/cm)

620

Effects of mixed liquor pH: This experiment aims to investigate the effect of mixed liquor pH
on the removal efficiency of trace organics by MBR process. In order to explain the
connection between physicochemical properties of trace organics and their removal
efficiency, biological performance as well as removal efficiency of selected trace organics
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were evaluated at mixed liquor pH value in the range between pH 5 and pH 9. Acidity of the
reactor was then adjusted to pH 7.0 ± 0.1. The influent pH was also adjusted to match the
mixed liquor pH. Samples were taken for trace organic contaminants analysis after 2 and 4
days of operation at each pH value. The mixed liquor pH was then decreased to pH 6 ± 0.1
and pH 5 ± 0.1. Prior to the increase of the mix liquor pH to a basic condition (pH 8 ± 0.1 and
pH 9 ± 0.1), the MBR was operated again at pH 7 ± 0.1 for over one week to avoid any
sudden pH shock. The operating condition of this experiment was similar to that described in
Table 5.1, except that the pH was carefully regulated and the MLSS content was allowed to
increase from 10 g/L to approximately 20 g/L over the 1.5 month period of this experiment.
Effects of hydraulic retention time: Following the pH experiment, the system tested against
various HRT in the range from 8 to 24 hours. The initial HRT was set at 24 hours, and was
then incrementally decreased to 20, 16, 12, and 8 hours. At each step the system was operated
for one week to achieve a steady state condition. The operating condition of this experiment
was similar to that described in Table 5.1, except that the HRT was carefully regulated. The
MLSS content was also allowed to increase from 10 g/L to approximately 20 g/L during this
experiment.
Effects of dissolved oxygen content: In term of operating conditions in MBR process, the
aeration is a main power requirement used for supplying DO for metabolism, which is
significant parameter governing the biodegradation process as well as to maintain solids in
suspension. Sun et al. [135] noted that aeration influenced both the biomass characteristics
and filtration performance of MBR process. DO levels in the MBR system was initially set at
1 mg/L by adjusting the air flow rate to the diffuser. The DO level in the MBR reactor was
then incrementally increased to 2, 3, 4, and 5 mg/L. At each step the system was operated for
one week to achieve a steady state condition. The operating condition of this experiment was
similar to that described in Table 5.1 and the DO content was the selected variable. The
MLSS content was also allowed to increase from 14 g/L to approximately 20 g/L during this
experiment.
Effects of temperature: The aim of this study was to determine the effect of the seasonal
variation in climate conditions on the removal efficiency of trace organics in MBR process.
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As known, no studies have been conducted where seasonal variation in temperature has been
regarded as a factor influencing the removal. Especially, low temperature in winter time may
decrease the biodegradation of trace organics. Therefore, removal efficiencies of selected
trace organics were evaluated under different temperature control in a reactor at the value of
10, 15, 20, 25 and 30 °C. The temperature of the reactor mixed liquor MBR system was
initially set at 20 °C. It was then step-wide decreased to 15 °C and 10 °C. The temperature
was readjusted back to 20 °C and the system was operated for over a week, prior to another
step-wide increase up to 30 °C. At each step the system was operated for one week to achieve
a steady state condition. With the exception of the organic loading, the operating condition of
this experiment was similar to that described in Table 5.1 and the reactor mixed liquor
temperature was the selected variable. It is noted that the organic loading during this
experiment was reduced to half of that under the normal condition and the average influent
TOC was 265 mg/L. The MLSS content was also allowed to increase from 7 g/L to 14 g/L
during this experiment.
Effects of MLSS: The main objective of this study is to investigate the performance of a
submerged MBR when operated with different MLSS concentration. Sludge was withdrawn
from a reactor to keep the MLSS level at the initial MLSS concentration of 4 g/L and then
allowed the biomass in reactor to gradually increase to 19 g/L for the purpose of determining
the effect of MLSS on the performance of the process. The sludge was withdrawn again to
lower the MLSS to 4 g/L and was then allowed to increase to 10 g/L to verify reproducibility.
The operating condition of this experiment was similar to that described in Table 5.1.
Effects of salinity: Several studies have been conducted on MBR operation for saline
wastewater treatment. High concentrations in salinity may present a challenge to biotreatment
processes. In this study, the effects of salt in saline conditions with respect to both biological
performance in a MBR and the removal of trace organic contaminants were investigated.
Moreover, soluble microbial products (SMP) concentration of activated sludge in the reactor
were analysed. The results will be described in detail in Chapter 9. Additional NaCl was
added to the feed solution to result in a step-wide increase in the influent salinity from the
base level (approximately 1 g/L) to 12 g/L. The operating condition of this experiment was
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similar to that described in Table 5.1 and salinity of the influent was the variable investigated
in this experiment. The MLSS content was also allowed to increase from 10 g/L to 15 g/L
during this experiment.
5.4

Results and discussion

The overall basic biological performance of the MBR was considerably stable throughout this
project. This is reflected by the data collected over more than two years of operation. At
certain extreme operating conditions, decrease in biological performance was observed.
However, the system was quite resilient and could recover once the stress has been removed.
In this study, the membrane was operated under constant-flux conditions and therefore
membrane fouling can be quantified by the measurement of the transmembrane pressure
(TMP). Although membrane fouling is not a primary focus of this project, changes in TMP
were monitored at all time. The evolution of TMP as a function of time shown in Figure 5.2
confirms the stability of the system over the two year operation period. The membrane
cleaning frequently was not constant. However, with an average of less than one physical
clean every fortnight, it was possible to maintain the TMP value to below 50 kPa.
High cleaning frequency appeared to coincide with stress condition of the MBR or when the
operating parameters deviate substantially from the ‘normal condition’. For example, when
the operational temperature of MBR system was decreased to 10° C, a spike in TMP was
observed. According to Jiang et al. [136], a decrease in temperature from 17–18 °C to 13–14
°C would increase the sludge viscosity by approximately 10%. There were also apparent
changes in the characteristics of the MLSS such as the particle size distribution, particle
shape and floc porosity as a result of sludge deflocculation and the releasing of extracellular
polymeric substances (EPS). The soluble EPS could contribute to rapid membrane fouling.
Further analysis will be discussed in subsequent chapters.
In the course of this project, key water quality parameters of the effluent were monitored on a
weekly basis. As seen in Table 5.2, which shows the general characteristics of the influent
and effluent, these parameters were stable throughout the project. Two exceptions were when
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the influent pH was varied and the influent salinity was increased to evaluate the pH of the
mixed liquor and salinity on the performance of the MBR, respectively. The turbidity of
effluent was generally below 0.2 NTU and all recorded data were below 0.4 (NTU).
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Figure 5.2: Changes in transmembrane pressure throughout the project.
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Table 5.2: Typical water quality parameters of the influent and effluent
Parameter

Influent

Effluent

pH

6.3-6.5

7.9-8.9

Turbidity (NTU)

0.8-2.1

<0.4

Conductivity (µS/cm)

562-620

508-559

M LSS

M LVSS

R a tio M L V S S to M L S S
S c r e e n in g

pH

DO

HRT

Tem p

M LSS

S a lin ity
1 .0

24
22
0 .8

18
16
0 .6
14
12
10

0 .4

8

Ratio of MLVSS to MLSS

MLSS/MLVSS concentration (mg/L)

20
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Figure 5.3: MLSS and MLVSS concentration in the MBR reactor as a function of time.
Variation in the MLSS concentration in the reactor throughout this research project is shown
in Figure 5.3. The initial MLSS concentration in the reactor was set at approximately 10 g/L
by seeding activated sludge from the Wollongong Sewage Treatment plant. Without any
sludge withdrawal, it took about 40 days for the biomass content to increase to 19 g/L.
Subsequently, the MLSS concentration in the reactor was controlled by manual withdrawal of
the excess sludge. As a result, there was some considerable variation in the MLSS
concentration in the reactor (Figure 5.3). However, despite such variation, the ratio of
MLVSS to MLSS was stable around 0.9 throughout the project. This stable MLVSS/MLSS
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value indicates a good biological condition within the reactor at all time. Furthermore, the
results presented in Figure 5.3 suggests that the variation in the MLSS content in the reactor
is not a major cause for any influence on the overall biological performance of the MBR
system.TOC and TN values of both the influent and the effluent were measured on a regular
basis to assess the basic biological performance of the MBR. Despite considerable variation
in the MLSS concentration in the reactor as shown in Figure 5.3, the removal efficiencies of
both TOC and TN remained relatively constant (
Figure 5.4 and
Figure 5.5). The removal of TOC fluctuated between 80% and 99% with an average of above
90%. The removal of TN was also quite stable. Notwithstanding several severe drops, which
will be discussed in a later section, the removal of TN was above 95% most of the time.
High mixed liquor pH could exert an adverse impact on the performance of the MBR with
respect to TOC removal. The MBR showed good performance in term of TOC removal with
the removal efficiency of above 90% when the pH of mixed liquor was in the range of pH 5
to pH 7. However, when the mixed liquor pH was increased to pH 9, there was a dramatic
drop in the TOC removal efficiency. At the end of the pH experiment, the TOC removal
efficiency was as low as 16 %. The system was able to recover quickly once the mixed liquor
pH was reduced to the normal value (at pH near neutral) and the TOC removal increased to
above 90% (
Figure 5.4). The HRT could also exert a considerable influence on the TOC removal of the
MBR, but only at very short HRT. Results presented in
Figure 5.4 show that the removal efficiency of TOC was quite stable when the HRT was
decreased from 24 hours to 12 hours. However, at the HRT of 8 hours, there was a significant
decrease in TOC removal. This result is in good agreement with the study of Meng et al.
[137]. It is confirmed that the MBR system still had a high quality filtrate as it operated under
high organic loading rate or small HRT. However, decreasing of HRT allows filamentous
bacteria to grow easily as a result of increasing of EPS concentration and sludge viscosity
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which lead to the large and irregular flocs responsible for accelerating membrane fouling
[138, 139]. Once again,
Figure 5.4 demonstrates that the system was able to recover when operating condition
returned to normal (HRT of 24 hours).
The impact of DO content in the reactor on TOC removal was not apparent. At the DO
content of 1 mg/L, the TOC removal was averaged at 87.2%. At higher DO level in the
reactor (from 2 mg/L to 5 mg/L), the mean TOC removal was marginally higher. However,
the increase was quite small and it could be concluded that the MBR was effective for the
removal of TOC at all DO values (1 to 5 mg/L) examined in this experiment.
Similar to the DO content, variation in the temperature of the reactor did not show a
significant impact on the performance of the MBR with respect to TOC removal. It is noted
that the TOC concentration of the influent was reduced to approximately half of the normal
condition. There was a small drop in the TOC removal efficiency of the MBR to slightly
below 90%, when a MBR was operated under low temperature (at 10 °C). Nevertheless, it is
noted that this drop was not very apparent in
Figure 5.4. Similar to the study of Jiang et al. [136], the decreasing temperature slowed down
the biodegradation of COD and probably resulted in a higher concentration of soluble and
particulate COD in the reactor.
As shown in Figure 5.4, during the MLSS experiment, the TOC removal efficiency was quite
stable throughout the MLSS range (4 g/L to 19 g/L) investigated in this study. The TOC
removal efficiency ranged from 96% to almost 100%, which was higher than the average
TOC removal efficiency of the two year operation. The reason for this better than expected
performance with respect to TOC removal is unknown. The increase in MLSS concentration
in the reactor leads to an increase in the active biomass content, which may improve the
digestion of organic matter. However, according to Poyatos et al. [140], MLSS concentration
does not expect to have any significant effect on the biodegradation of the organic matter.
The effects of salinity on the removal of TOC are also shown in
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Figure 5.4. At the beginning of this experiment with the base line salinity in the influent (no
added NaCl to the feed solution) and at 1 g/L of NaCl in the influent, the MBR system
provided an excellent performance with respect to the removal of TOC (~99%). However, the
average TOC removal efficiency decreased as the influent salinity increased beyond 2 g/L of
NaCl. TOC removal efficiency as low as 88% was recorded with the feed water containing 12
g/L NaCl. This result indicated that salt addition can have an adverse impact on the
performance of
MBR system. Previous studies also confirmed that the effect of salt shocking on BOD and
COD removal [141] and high salinity shocks could lead to a significant decrease in substrate
removal efficiency and an increase in membrane rate [142].
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Figure 5.4: TOC concentration in the influent and effluent as well as the corresponding TOC
removal efficiency as a function of time.
The MBR system used in this investigation was operated under an aerobic condition. The
nitrogen removal efficiency was calculated based on the total nitrogen (TN) content of the
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influent and effluent. TN represents the sum of ammonia, nitrates and nitrites. It is
noteworthy that the composition of synthetic wastewater used in this study was low in
nitrogen. The main nitrogen would come from peptone which compound is in form of
organic substances. The influent concentration of TN was around 26 mg/L. The
carbon/nitrogen ratio of the synthetic wastewater was relatively high and TN removal could
occur due to the conversion of the soluble nitrogen into biomass rather than the denitrification
process which was not supported under the aerobic condition of this study. In fact, when
soluble nitrogen was added to the influent in the form of (NH4)2SO4 at day 450, the removal
efficiency of TN decreased approximately 50% (
Figure 5.5) until the inclusion of (NH4)2SO4 in the synthetic wastewater solution was stopped.
It is also noteworthy that during the ‘screen experiment’ when over 40 trace organic
compounds were added to the influent, the introduction of soluble nitrogen in the acetonitrile
solvent also led to an increase in TN in the influent (up to 57 mg/L) and a dramatic decrease
in TN removal efficiency. At the end of this experiment, TN removal efficiency was only
26%. Subsequent to such disturbances, the MBR was always able to recover quickly once the
TN concentration in the influent returned to the standard value of approximately 13 mg/L.
Figure 5.5 shows the TN concentration of the influent and effluent and the removal
efficiencies at all experimental phases in this project. The overall TN removal efficiency was
high and was mostly above 95%. Consistent to the results presented above with respect to
TOC removal, considerably decreases in TN removal efficiency were also observed at
extreme operating condition which deviated significantly from the standard condition. There
was a small decrease in biological performance with regard to TN removal efficiencies as the
mixed liquor pH decreased to pH 5. Lower TN removal efficiencies were also observed at pH
8 and 9. At pH 9, the TN removal efficiency dropped to only 66%. Nevertheless, the removal
efficiency of TN appears to be somewhat less sensitive to pH than that of the TOC removal
efficiency.
When the MBR system was operated with different operating conditions e.g. HRT, dissolved
oxygen content and MLSS, there was small change in TN content of effluent. The average of
TN removal efficiency was over 95%. It is confirmed that HRT, dissolved oxygen and MLSS
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concentration have no effect on the removal efficiency of TN by the MBR system.
Temperature and salinity are the only two parameters found to significantly impact on the
performance of MBR in removing TN.
Temperature of the mixed liquor suspended solid could also exert some considerable
influence on the removal efficiency of TN by the MBR. Interestingly, when temperature in
the reactor was dropped from 20°C to 10°C, the removal efficiency of TN was stable and the
removal efficiency was quite high (above 96%). However, when the reactor temperature
increased to 25 °C, there was a considerable decrease in TN removal efficiency (81%). The
TN removal continued to reduce to as low as 59% when the system was operated under the
temperature of 30°C.
The salinity is another parameter which could exert some impacts on the TN removal of the
MBR, but its effect occurred only in a short period. Results presented in
Figure 5.5 show that the removal efficiency of TN was quite stable when the salt
concentration was ranged of 0 to 1 g/L. The MBR provided a good performance in removal
of TN with the efficiency of over 97%. There was a small change in the performance but the
system still gave high removal efficiency (up to 95%) with salinity of 2 g/L in the reactor.
However, the lowest removal efficiency (71%) was investigated as the salt concentration of 4
g/L was operated together with higher foaming occurrence in the reactor. It is noted that the
elevated salt condition could impact on microbial morphology and community [143] as a
result of low performance of MBR in removing TN. However, the MBR performance was
gradually improved and recovered to 96% until completed this treatment. Interestingly, at
elevated salt from 8 to 12 g/L, there was stable performance of MBR with high removal
efficiency of 96%.
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Figure 5.5: TN concentration in the influent and effluent as well as the corresponding TN
removal efficiency as a function of time.
5.5

Conclusions

This chapter reported the basic biological performance of the submerged MBR system
throughout this project of over two years. The overall biological performance of the MBR
system was quite stable as reflected by constant removal efficiencies of basic water quality
parameters. Under certain extreme conditions, lower performance was observed; however,
the system could recover within less than a month after turning the operation under the
normal condition. The effects of operational conditions on biological performance of the
MBR vary considerably. The mixed liquor pH, temperature, influent salinity, and HRT could
exert some effects on the performance of the MBR system but only at rather extreme
conditions. Furthermore, the effects on different performance indicators were not uniform.
On the other hand, MLSS and DO concentrations did not appear to exert any significant
influence on the overall performance of the MBR.
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6 CHAPTER 6 ROLE OF MOLECULAR PROPERTIES OF TRACE ORGANICS
ON THE REMOVAL
6.1

Introduction

Major driving forces toward water recycling today are the growing demand for water from an
increasing population, changing lifestyle patterns, urbanisation, and diminishing natural water
resources. In addition, better public awareness about environmental protection has resulted in
progressively more stringent wastewater quality discharge regulations. Despite the growing
interest in water recycling, our predictive capacity regarding the ability of treatment
technologies to remove specific trace organic contaminants remains very limited. This is
reflected by the public reluctance to accept reclaimed water for potable reuse and the fact that
most water recycling applications are currently still restricted to non-potable purposes.
Membrane bioreactors (MBRs) have recently emerged as an important technology for water
recycling, capable of transforming wastewater to high quality effluent suitable for various
water recycling applications [31]. Becoming commercially available only around two
decades ago, MBR technology has already been well proven and can provide a superior
rating for most bulk water quality indicators such as pathogens, suspended solids and nutrient
removal compared to conventional activated sludge (CAS) treatment processes [126, 130].
However, the efficiency of MBR technology as a barrier for a range of trace organic
contaminants

such

as

endocrine

disrupting

chemicals

(EDCs),

pesticides,

and

pharmaceutically active compounds (PhACs), as well as the specific removal mechanisms
involved remain unclear [17, 71, 83, 105, 131, 144]. Previous studies have indicated
significant variation in the removal of trace organics by MBRs, ranging from near complete
removal for some compounds (e.g. ibuprofen and bezafibrate) to almost no removal for
several others (e.g. carbamazepine and diclofenac) [71, 72, 83, 110]. The reasons for such
variation are not yet fully understood.
Physicochemical properties of trace organics have been reported to significantly govern the
removal efficiency by MBR treatment. Biosorption of trace contaminants driven primarily by
hydrophobic interaction appears to be one of the key mechanisms controlling removal
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efficiency in MBR. For instance, apparent improvement in removal efficiency of certain
acidic trace organics such as ibuprofen, ketoprofen, and diclofenac has been observed when
MBRs are operated under acidic conditions rather than neutral conditions [72, 110]. This
phenomenon was explained by the speciation of the compounds from hydrophilic ionic forms
to much more hydrophobic forms at pH lower than their pKa values.
A limited number of studies have shed some light on the effect of chemical structures on the
removal efficiency of trace chemicals during biological treatment processes. For example,
Kimura et al. [83] attributed the poor removal of clofibric acid, diclofenac, and dichloprop to
the presence of chlorine in their molecular structure or their relatively complicated aromatic
rings. Several studies have utilised the US-EPA-developed Biodegradation Probability
Program for Windows (BIOWIN) software package which is one of the most widely used
quantitative structure biodegradability relationship (QSBR) computer-based programs to
estimate the biodegradability of organic compounds under aerobic conditions. Lapertot and
Pulgarin [145] investigated the biodegradability of 17 priority hazardous substances and
suggested that the primary and ultimate BIOWIN models were generally suitable for removal
assessment of these compounds in industrial wastewater treatment processes [145]. On the
other hand, Yu et al. [146] reported some inconsistency between the likelihood of
biodegradability predicted by BIOWIN and experimental data when they investigated the
removal efficiency of 18 pharmaceutical and personal care products at a conventional
municipal wastewater treatment plant [146].
Although the connection between chemical structure and removal efficiency seems highly
plausible, studies to develop a capacity to predict the removal efficiency of trace organic
contaminants by MBR treatment processes based on a range of molecular parameters are still
limited. Because of the involvement of the many diverse and complex functional groups, the
connection between chemical structure and removal efficiency has not yet been thoroughly
examined in the literature. In fact, several previous attempts to identify a definitive
relationship between the structures of trace organic contaminants and their removal
efficiencies during CAS and MBR treatment have been unsuccessful [16, 94].
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This study aimed to elucidate the connection between specific molecular features of trace
organic contaminants and their removal efficiencies by a laboratory scale MBR. The MBR
system was operated under stable conditions for an extended period to allow for a systematic
examination of the removal of 40 trace organic contaminants at environmentally relevant
concentrations. Hydrophobicity and molecular structures of the selected trace organic
compounds were carefully delineated and correlated to their removal efficiencies. Key factors
governing the removal efficiencies of trace organic contaminants were identified and
reported.
6.2

Materials and methods

6.2.1 Laboratory scale MBR system
A laboratory-scale MBR system was used in this study. Detailed description of this MBR
system is available elsewhere [110]. The system consisted of a glass reactor, a continuous
mixer, two air pumps, a pressure sensor, and influent and effluent pumps. Two ZeeWeed-1
(ZW-1) submerged hollow fibre ultrafiltration membrane modules supplied by Zenon
Environmental (Ontario, Canada) were used in this set-up. The membrane has a nominal pore
size of 0.04 µm. Each module has an effective membrane surface area of 0.047 m2. A Neslab
RTE 7 equipped with a stainless steel heat exchanging coil was used to maintain a constant
temperature in the MBR. A personal computer was used to control the permeate peristaltic
pump to operate on a 14 minute suction and 1 minute off cycle to provide relaxation time to
the membrane modules. Flow rate of the influent pump was matched with that of the
permeate pump to maintain a constant reactor volume. The continuous mixer was used to
ensure homogeneous conditions of the mixed liquor and to prevent the settling of biomass.
6.2.2 Synthetic wastewater
A synthetic wastewater simulating municipal sewage was used to ensure a stable feeding rate
throughout the experiment. Concentrated stock solution was prepared and stored in a
refrigerator at 4 oC. It was then diluted with MilliQ water on a daily basis to make up a feed
solution containing glucose (400 mg/L), peptone (75 mg/L), KH2PO4 (17.5 mg/L), MgSO4
(17.5 mg/L), FeSO4 (10 mg/L), and sodium acetate (225 mg/L). This composition was based
on a previous study [147].
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6.2.3 Trace organic compounds
In this chapter, 40 organic compounds were selected to represent four major trace organic
groups of concern in water reuse applications – namely pesticides, pharmaceutically active
compounds, steroid hormones, and other endocrine disrupting chemicals. The selection of
these model trace organic compounds was also based on their widespread occurrence in
domestic sewage and their diverse physicochemical properties (e.g. hydrophobicity and
molecular weight). The effective hydrophobicity of these compounds varies significantly as
reflected by their log D values at pH 8 which is typical of an activated sludge reactor [108].
The most hydrophilic compound is enalapril with log D at pH 8 of –1.21 and the most
hydrophobic compound is nonylphenol with log D at pH 8 of 6.19. All selected trace organic
compounds were of analytical grade. A cocktail of stock solution was prepared in pure
acetonitrile. The trace organic stock solution was kept in a freezer and was used within less
than a month.
6.2.4 Analytical techniques
The analysis of the model trace organics was based on a previously reported method [110,
124]. Analytes were extracted using 5 mL, 500 mg hydrophilic/lipophilic balance (HLB)
cartridges (Waters, Millford, MA, USA). Samples were spiked with a solution containing 50
ng of an isotopically labeled version of each analyte. The sample was then loaded onto the
cartridges at 15 mL/min, after which the cartridges were rinsed with 5 mL of reagent water
and dried with a stream of nitrogen for 30 min. Loaded cartridges were stored at -18 °C in
sealed bags until elution and analysis.
Analytes were separated using an Agilent (Palo Alto, CA, USA) 1200 series high
performance liquid chromatography (HPLC) system equipped with a 150 x 4.6 mm, 5 µm
particle size, Luna C18 (2) column (Phenomenex, Torrence CA, USA). Mass spectrometry
was performed using an API 4000 triple quadrupole mass spectrometer (Applied Biosystems,
Foster City, CA, USA) equipped with a turbo-V ion source employed in both positive and
negative electro-spray modes. For each analyte and internal standard a precursor ion and two
product ions were monitored for reliable confirmation. Relative retention times of the analyte
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and isotopically labeled internal standard were also monitored to ensure correct identification
[124].
Standard solutions of all analytes were prepared at 1, 5, 10, 50, 100, 500 and 1000 ng/mL. A
relative response ratio of analyte/internal standard over a 1 – 1000 ng concentration range
was generated enabling quantification with correction for losses due to ion suppression and
incomplete SPE recovery. All calibration curves had a correlation coefficient of 0.99 or
better. The limit of reporting was determined using an s/n ratio of greater than 10.
Conductivity and pH were measured using an Orion 4-Star Plus pH/conductivity meter. Total
organic carbon (TOC) and total nitrogen (TN) were analysed using a Shimadzu TOC/TNVCSH analyser. TOC analysis was conducted in non-purgeable organic carbon (NPOC) mode.
Samples were kept at 4°C until analysed and calibrations were performed in the range
between 0 and 1000 mg/L and 0 to 100 mg/L for TOC and TN, respectively. MLSS and
MLVSS contents in the MBR were measured in accordance to the Standard Methods for the
Examination of Water and Wastewater [123].
6.3

MBR experimental protocol

The MBR was seeded with activated sludge from the Wollongong sewage treatment plant,
NSW, Australia. After the initial start-up process, which lasted about 2 months, a small
amount of sludge was regularly extracted from the reactor to keep the sludge age at
approximately 70 days. The hydraulic retention time was set at 24 hours, corresponding to a
permeate flux of 4.3 L/m2h. The MBR temperature and dissolved oxygen content were kept
constant at 20.0±0.1oC and 2±1 mg/L, respectively. Performance of the MBR system with
regard to basic water quality parameters was then monitored for an extended period of more
than four weeks.
Once stable operation has been achieved, trace organic contaminants were continuously
introduced into the feed solution to make up a concentration of approximately 2 µg/L of each
selected compound. No sludge was withdrawn during the experiment. The feed solution was
kept in a stainless steel reservoir at controlled room temperature (20±2oC). The collected
effluent was kept in a dark room at -4 oC and analysed within less than 48 hours. Removal
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efficiency was calculated as R  100  1  C Eff / C Inf  , where CEff and CInf are effluent
(permeate) and influent concentrations (ng/L) of the trace organic compound, respectively.
6.4

Results and discussion

6.4.1 Performance stability of the MBR
In this study, synthetic feed solution was used to ensure a consistent influent composition.
The MBR showed stable and good performance with respect to all key water quality
parameters. The stable performance continued even following the introduction of the trace
organic contaminants to the feed solution. A notable exception, however, was a significant
decline in the removal of total nitrogen (TN) immediately after the introduction of the trace
organic contaminants from almost complete removal to as low as 60%. The decrease in TN
removal can be explained by the introduction of acetonitrile, the solvent used to introduce the
trace organics, to the influent. The MBR system used in this study was operated under
aerobic conditions and therefore is not expected to have any biological denitrification
capacity. The synthetic feed solution was deficient in nitrogen, and therefore, the initial high
TN removal observed here could be attributed to the conversion of dissolved organic nitrogen
to biomass, which would then be retained by the membrane. Because acetonitrile was used as
a carrying solvent for the introduction of the trace organic contaminant cocktail into the feed
solution, the introduction of trace organic contaminants into the feed solution resulted in a
significant increase in TN in the influent from 12 mg/L to approximately 49.5 mg/L. This
was assumed to be the main reason for the observed decrease in TN removal. The increase in
nitrogen content of the feed water did not exert any discernible impact on any other
biological performance indicators of the MBR system. There was a slight increase in the
MLSS content in the reactor from 8.6 g/L to 10.0 g/L over the duration of the experiment of
approximately one month while the MLVSS/MLSS ratio remained constant at approximately
0.9. Other basic performance parameters including TOC removal efficiency, pH of the
MLSS, effluent conductivity were also relatively stable during the entire experiment (Table
6.1). In addition, no abnormal transmembrane pressure increase was observed following the
introduction of the trace contaminants to the feed solution (data not shown).
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Table 6.1: Basic biological performance of the MBR system.
TOC
removal (%)

MLSS
(g/L)

MLVSS/MLSS

pH of the
MLSS

Effluent conductivity
(µS/cm)

98.8 ± 0.2

8.6 – 10.0

0.9

7.5 ± 0.1

559 ± 19

4000

Influent

Effluent

3500

Concentration (ng/L)

3000
2500
2000
1500
1000
500

Para
cetam
o
DEE l
Caffe T
Ibup ine
t-oct rofen
ylphe
nol
A
Mepr trazine
obam
Prim ate
Nony idone
lp
Bisph henol
enolA
N
Carb aproxen
amaz
epine
Lin
Gem uron
fibroz
il
Dil
Triam antin
Sulfa
t
meth erene
ox
Keto azole
profe
Aten n
olol
E
17b- strone
est
Am radiol
Andr itriptylin
osten
e
edion
e
E
s
trio
Test
oster l
o
Triclo ne
san
Trim
e
Andr thoprim
Etioc osterone
holan
o
Dic lone
7a-e
thyny lofenac
les
Triclotradiol
car
Cloz ban
Ome apine
p
Hydr razole
oxyz
Ena ine
Risp lapril
er
Simv idone
astat
in
Sim- Verapam
hydro
il
xyac
ine

0

Figure 6.1: Influent and effluent concentration of the selected trace organic contaminants.
Samples were collected twice a week and in duplicate for four weeks. Error bars represent the
standard deviation of 16 measurements.
Stable performance of the MBR system could also be observed with respect to the removal of
trace organic contaminants (Figure 6.1). It is noted that the error bars shown in Figure 6.1
represent the standard deviations of eight influent and effluent samples, regularly collected in
replicate throughout the experiment. It is also notable that the removal efficiencies of the 40
compounds investigated in this study vary significantly ranging from negligible removal
(e.g.: atrazine, carbamazepine, dilatin, and trimethoprim) to removal to below the analytical
detection limit (e.g.: 17β-estradiol, testosterone, and triclocarban), indicating a removal of at
least 98%. The observed significant variation in the removal efficiency of the trace organic
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contaminants by MBR treatment indicates that improved understanding of the key factors that
govern the elimination of specific chemicals is required to enable prediction of MBR
treatment performance for any particular chemical or class of chemicals.
6.4.2 Removal of trace organic contaminants
A logical approach to qualitatively predict the effectiveness of MBR treatment for the
removal of a wide range of trace organic contaminants is to evaluate their removal efficiency
according to the intended applications or origins of these compounds. Accordingly, Table 6.2
summarises the removal efficiencies of the 40 compounds selected in this study. Data
previously reported in other studies, whenever available, are also included for comparison
purposes. With caffeine being the only noteworthy exception, results reported here are in
good agreement with the literature data. The mean removal efficiency of caffeine observed in
our study is 49.6 %, which is substantially lower than the previously reported values [7, 148].
In a recent study, Santos et al. [149] examined the performance of four conventional activated
sludge wastewater treatment plants in Seville city (Spain). They reported a highly variable
caffeine removal efficiency among these four treatment plants with the mean value ranging
from as low as 44% up to 75% [149]. Given the similarity between MBR and conventional
activated sludge treatment, it is possible that this discrepancy can be explained by the
differences in operating conditions. Because the literature data presented in Table 6.2 are
from a range of sources with different operating conditions and system arrangements, further
discussion in an attempt to link the removal efficiency and compound classification will rely
primarily on experimental data obtained in this study. In fact, data presented in Table 6.2
suggest that some generalisation can be made about certain groups of compounds.
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Table 6.2: Removal efficiencies of the selected trace organic contaminants (n=16) obtained
in this investigation and values recorded in the literature.
Class
Pesticides

Compound
Atrazine
Linuron
DEET
Paracetamol
Ketoprofen
Naproxen

Non-steroidal
antiinflammatory

Ibuprofen
Diclofenac
Clozapine
Risperidone
Primidone

Antidepressants &
Carbamazepine
mood stabilizers
Dilantin
Amitriptyline
Triclosan
Triclocarban
Antibiotic &
antiseptic
Sulfamethoxazole
Trimethoprim
Simvastatin
Hypolipidemic
Gemfibrozil
agents
Sim-hydroxyacid
Atenolol
Cardiovascular
Verapamil
drugs
Enalapril
Triamterene
Hydroxyzine
Meprobamate
Other drugs
Caffeine
Omeprazole
t-octylphenol

This study (%) Literature (%)
Reference
(Average ± Std)
(min – max)
4.4 ± 3.7
9 – 40
[86, 99]
21.1 ± 4.1
not available
4.6 ± 2.4
0 – 78
[7, 86]
95.1 ± 3.4
not available
70.5 ± 0.8
43.9 – 95
[16, 58, 83, 85]
[7, 16, 58, 72,
40.1 ± 2.8
36 – 91.6
85, 91, 94]
[16, 58, 71, 85,
96.7 ± 0.7
≥90
86, 91, 93-95,
148]
[16, 58, 71, 81,
17.3 ± 4.2
0 – 87.4
85, 86, 93,
144, 148]
84.8 ± 5.4
not available
95.8 ± 2.2
not available
12.4 ± 4.3
not available
[16, 71, 86, 91,
13.4 ± 4.3
0 – 13
93, 94]
5.4 ± 3.6
0 – 12
[150]
97.8 ± 0.8
not available
>91.8
61 – 95
[7, 150]
>98.4
not available
[16, 58, 64, 71,
91.9 ± 0.6
52 – 80.8
91, 93, 148]
16.6 ± 3.7
0 – 90
[7, 58, 64, 91]
97.9 ± 0.9
not available
98.95 ± 0.1
32.5 – 90
[16, 58, 91]
59.6 ± 2.8
not available
96.9 ± 0.2
70
[16, 85]
88.4 ± 6.1
not available
97.1 ± 0.1
not available
27.9 ± 6.3
not available
>92.2
not available
14.5 ± 3.3
not available
49.6 ± 4.1
98 – 99
[7, 150]
62.1 ± 3.5
not available
94.5 ± 1.1
44.9 – 99.0
[71, 92]
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Table 6.2: (continued)
Class

Steroid
hormones

Other EDCs

Compound
Estrone
17β-estradiol
Androstenedione
Estriol
Testosterone
Etiocholanolone
Androsterone
17αethynylestradiol
Bisphenol A
Nonyphenol

This study (%)
(Average ± Std)
98.0 ± 0.2
>99.4
>99.5
98.2 ± 1.9
>99.4
>99.4
>99.3

Literature (%)
(min – max)
96.3
100
not available
not available
not available
not available
not available

93.5 ± 1.2

81.9 – 93.6

[2]

90.4 ± 3.1

68.9 – 99.0

99.3 ± 0.2

0 – 88

[32, 71, 72, 93]
[70, 92, 98,
100]

Reference
[2, 71]
[2, 71]
[71]
[71]

All the three pesticides investigated in this study showed very low removal efficiencies.
Atrazine, a chloro-triazine herbicide, was removed at a rate of less than 5%. It has been
reported to be poorly removed both in CAS and MBR [86] and that a major removal
mechanism was sorption onto withdrawn sludge [99]. Linuron is a dichloro-phenylurea
herbicide. Despite being a widely used herbicide, no reports on the removal of Linuron in
CAS or MBR could be found. However, its slow natural attenuation rate in various soils and
the evolution of more toxic and persistent chloroaniline intermediates in the process have
been reported [151]. A mean removal of 21% of linuron as achieved in our MBR, therefore,
appears to be consistent with the reported recalcitrance of this compound. DEET is a
toluamide compound and is the most common active ingredient in insect repellants. In this
study, a mean removal of 4.6% of DEET was recorded during MBR treatment. This removal
efficiency is at the lower end of range reported in other published studies. Bernhard et al.
[149] reported nil to over 50% removal of DEET by MBR treatment and suggested that
DEET removal efficiency was dependent on the sludge retention time. Kim et al. [7] reported
no removal of DEET in their study; however, no information about the SRT was provided.
The highest removal efficiency of DEET of 78% was reported by Snyder et al., calculated
from a one off sampling event at a pilot scale treatment facility [7].
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Near complete removal or removal to below the analytical limit of all eight steroid hormones
and three other EDCs selected for investigation (bisphenol A, nonylphenol, and toctylphenol) were observed in this study. These results are consistent with other published
studies (
Figure 6.2). It is noteworthy that all of these compounds possess significant ydrophobicity
and bear a similar molecular backbone structure; which may, in part, explain the similarities
of their removal efficiencies.
No generalistion can be inferred for any of the six therapeutic classes of pharmaceuticals
investigated in this study (
Figure 6.2). Their removal efficiencies by MBR treatment vary widely even within the same
class of compounds. The removal efficiencies of the five non-steroidal anti-inflammatory
drugs (NSAIDs) differ remarkably from one another. For example, ibuprofen registers a
removal efficiency of 97% whereas the removal efficiency of diclofenac is only 17%. Unlike
the other NSAIDs, diclofenac is a chlorinated compound, which can possibly explain its
recalcitrant behavior in MBR treatment. Significant variation in the removal efficiency can
also be observed among compounds used as anti-depressants and mood stabilizers. Dilantin,
primidone and carbamazepine were poorly removed, whereas the removal efficiencies of
clozapine, risperidone, and amitriptyline were 85% and higher. Given the considerable
dissimilarity in the molecular structure among these anti-depressants and mood stabilizers,
differences in their removal efficiencies can be expected. Further analysis of the molecular
structures of these compounds is presented in Chapter 3 section 3.4.2. Significant variation in
removal efficiency was observed among the other pharmaceutical groups (cardiovascular and
other drugs) and can again be attributed to their diverse molecular structures (Table 6.2).
Among the hypolipidemic agents (lipid lowering drugs) investigated in this study, simvastatin
is a hydrophobic compound with log D (at pH 8) of 4.41 and the compound registers a
removal efficiency of 98% (Table 6.2). Sim– hydroxyacid (or simvastatin hydroxyacid)
shares the same molecular backbone structure with that of simvastatin. However, the 3,5–
dihydroxy–heptanoic acid functional group of sim–hydroxyacid renders the compound much
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more hydrophilic (log D at pH 8 of 0.64). Consequently, sim–hydroxyacid shows a much
lower removal efficiency of 60% in comparison to that of the related compound simvastatin.
Results reported in Table 6.2 suggest that the classification of trace organics according to
their intended use or origin can only be used to qualitatively predict the removal efficiencies
of compounds of similar molecular structure, having similar molecular features or
physicochemical properties. In fact, certain molecular features and physicochemical
properties of the trace organic contaminants appear to be the underlying factors governing
their rate of removal during MBR treatment.
6.4.3 Qualitative structure analysis
Attempts to fit the removal efficiency data obtained in our study and the corresponding
available biodegradability scores from BIOWIN model did not result in any meaningful
correlations (data not shown). Although this result is somewhat surprising, it does not
necessarily invalidate the model. BIOWIN is essentially a statistical model and the
discrepancies may have arisen to some extent due to the fact that the BIOWIN scores were
derived from batch tests, which cannot effectively replicate the biological conditions of an
MBR. It is also noteworthy that only three out of 40 compounds investigated in this study
were included in the database which has been used for the development of BIOWIN.
Furthermore, BIOWIN would not account for the adsorption of trace organics to biosolids
which can be an important removal mechanism along with biodegradation. Given the poor
correlation between the removal efficiencies experimentally obtained in this study and the
BIOWIN biodegradability scores, it is necessary to further examine the key physicochemical
properties and molecular features that can govern the removal efficiency of trace organic
compounds.
6.4.3.1 Effects of hydrophobicity
The removal of trace organic contaminants by an activated sludge treatment process is a
complex function of both sorption and biological degradation. In a conventional activated
sludge treatment process, the sludge-bound contaminants can be subsequently removed via
sludge withdrawal. In addition, sorption of trace organic contaminants to biosolids results in a
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longer residence time in the reactor, which may lead to further removal via biodegradation.
Because the MLSS content and sludge retention time of typical MBR processes are much
higher than those of conventional activated sludge treatment, sorption has been suggested as a
major removal mechanism for the removal of trace organic contaminants by MBR treatment.
In a systematic survey of the literature data, Wells suggested that the sorption of a trace
organic contaminant to the activated sludge could be assessed by considering the log D value
of the compound at a given pH [108]. Experimental results presented in
Figure 6.2 indicate that this finding can be extended to MBR treatment. There appears to be a
‘removal envelop’ that can be defined by the hydrophobicity of the trace organic
contaminants (
Figure 6.2). Removal of the very hydrophobic (log D > 3.2) compounds is probably
dominated by sorption to the activated sludge facilitating enhanced biological degradation in
some cases. Therefore, these compounds consistently showed high removal efficiency (above
85%). As the log D value of the compounds decreased to below 3.2, sorption of these trace
organic contaminants onto the activated sludge was no longer a dominating removal
mechanism and the removal efficiency of these compounds is much more strongly influenced
by their intrinsic biodegradability. As a result, the removal efficiency of trace organics with
low log D values (at pH 8) varies significantly from less than 20% to removal to below the
analytical detection limit (corresponding to a removal of at least 98%). Of particular note in
Figure 6.2 is a cluster of five compounds that show very low removal efficiencies despite
their moderately high hydrophobicity (log D in the rage from 2 to 3.2). It is also noteworthy
that all five compounds possess one or several electron withdrawing functional groups, such
as a chlorine atom or amide group. Results reported here suggest that individual molecular
features can also be an important factor governing the removal efficiency of trace organics
during MBR treatment.
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Figure 6.2: The relationship between effective hydrophobicity (log D) and removal of trace
organic compounds. The MLSS pH during the experiment was 7.5±0.1. Log D values were
obtained from the SciFinder Scholar (ACS) database. Error bars represent the standard
deviation of 16 measurements.
6.4.3.2 Effect of chemical structure
Experimental results obtained in this study confirm the possible role of molecular functional
groups in governing the removal of moderately hydrophobic and hydrophilic trace organic
compounds by MBR treatment. The 40 trace organic compounds investigated in this study
can be systematically categorized into three groups. Group A consists of compounds with log
D at pH 8 of above 3.2. As discussed above, sorption was a dominant removal mechanism for
these hydrophobic compounds and the removal efficiencies of all compounds of group A
were above 85% Figure 6.4. The rest of the compounds are then divided into two groups
according to the presence of either electron withdrawing groups (B) or electron donating
groups (C), as presented in Table 6.3 and Table 6.4, respectively. According to Knackmuss
[152], the initial electrophilic attack by oxygenases of aerobic bacteria is often a rate-limiting
step and the first of a chain of reactions responsible for the biodegradation of many organic
compounds. As a result, the presence of electron withdrawing functional groups generates an
electron deficiency and thus renders the compounds less susceptible to oxidative catabolism
(Figure 6.3). It is striking to note that all eight compounds of group B (possessing electron
withdrawing functional groups) consistently showed very poor removal by MBR treatment,
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ranging from almost no removal (atrazine) to a removal efficiency of 27% (linuron). The
slightly elevated removal efficiency of linuron in comparison to that of atrazine could also be
explained by its relatively high hydrophobobicity (log D at pH 8 of 3.2).
Table 6.3: Group B compounds containing electron withdrawing functional groups.
Group B: compounds with low removal efficiency
Cl
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N
N

N
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O
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Figure 6.3: Electron-withdrawing groups (EWGs) impede initial electrophilic attack by
oxygenases and electron-donating groups (EDGs) promote electrophilic attack by oxygenases
(adapted from [152]).
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Table 6.4: Group C compounds containing electron donating functional groups.
Group C: compounds with high removal efficiency
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Figure 6.4: The combined effects of molecular structures and hydrophobicity on the removal
of trace organic compounds by the MBR. Error bars represent the standard deviation of 16
measurements. Group A: all compounds with log D > 3.2 (at pH 8). Groups B, C, and C* are
defined in Table 6.3 and Table 6.4.
Electron donating functional groups, on the other hand, render the molecules more prone to
electrophilic attack by oxygenases of aerobic bacteria. Consequently, the removal efficiencies
of organic compounds bearing electron donating functional groups were, in most cases, much
higher than those of group B. However, there appeared to be several exceptions, as
mentioned below, which have not been fully explainable at this stage. For clarity, compounds
bearing electron donating functional groups and showing less than 70% removal efficiency
are showed in Figure 6.4 as group C*. Despite the presence of the electron donating
carboxylic group in their structure, the removals of naproxen and sim-hydroxyacid were only
40% and 60%, respectively. Amines are weak electron donating functional groups. However,
all three amine-bearing compounds (trimethoprim, triamtereren, and omeprozole) in the
subgroup C* showed low-to-moderate removal efficiencies of 17, 28, and 62%, respectively.
It is also noted that some compounds may possess both electron withdrawing and donating
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functional groups. Caffeine, which has both an amine (an electron donating functional group)
and a carbonyl (an electron withdrawing functional group), is one such example. The overall
influence of these functional groups and particularly their opposing effects on the
biodegradability of trace organic compounds remains unknown at this stage.
6.4.3.3 A framework to predict removal efficiency
Trace organic contaminants

Log D ≤ 3.2

Log D > 3.2

Possessing only ewithdrawing groups

Possessing both ewithdrawing &
donating groups

Possessing only edonating groups

Low removal
(<20%)

Removal
varies

High removal
(>70%)

Very high
removal
(>85%)

Figure 6.5: A qualitative framework for the prediction of trace organic removal by MBR
treatment.
Notwithstanding a few exceptions which will be subjected to further investigation, results
reported in this study indicate a clear link between molecular features and the removal of
trace organic compounds by MBR treatment. Figure 6.5, based on our data, outlines a
qualitative and schematic framework for the prediction of the removal efficiency of any given
compound by an aerobic MBR treatment process. Given the similarities between CAS and
MBR treatment, the framework proposed here may also be applicable to CAS treatment
processes. It is prudent to note that this proposed framework has been based on a limited set
of data of only 40 compounds. Nevertheless, this framework has the potential to provide
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significant insights to the removal of trace organic contaminants by MBR treatment. With
ongoing scientific and dedicated efforts in this field, the framework can be a foundation for a
future quantitative model for the prediction of trace organic removal by MBR and CAS
treatment.
6.5

Conclusions

Results reported in this study indicate an apparent correlation between molecular features and
the removal of trace organic contaminants by a laboratory scale MBR system. The removal
efficiencies of all 14 very hydrophobic trace organic compounds (log D at pH 8 > 3.2)
selected in this study consistently showed removal efficiencies in the range between 85% to
removal to below the analytical detection limit, indicating a removal of at least 98%. The
occurrence of electron withdrawing or electron donating functional groups appears to be
another important factor governing their removal by MBR treatment. All hydrophilic and
moderately hydrophobic (log D < 3.2) compounds possessing only electron withdrawing
functional groups consistently showed removal efficiency of well below 20%. In contrast,
high removal efficiency was observed with most compounds bearing electron donating
functional groups such as hydroxyl groups and carboxylic groups. A qualitative framework
for the assessment of trace organics removal by MBR treatment was subsequently presented
based on the reported data.
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7 CHAPTER 7 EFFECT OF MIXED LIQUOR PH ON THE REMOVAL OF TRACE
ORGANICS
7.1

Introduction

The occurrence of emerging trace organic contaminants such as endocrine disrupting
chemicals (EDCs) and pharmaceutically active compounds (PhACs) in treated and untreated
sewage has recently become a significant environmental health concern. While most of these
contaminants have not yet been regulated, there is an urgent need to remove them during
wastewater treatment in order to better protect the environment. There is also a growing
pressure from a recent trend towards indirect potable water reuse in many metropolitan and
arid areas around the world to alleviate the current and future water shortage [126, 153]. At
the same time, it has been widely recognised that membrane bioreactors (MBRs) can be the
next generation of wastewater treatment processes [24, 33, 130, 154, 155]. Instead of a sludge
sedimentation tank as in the conventional activated sludge (CAS) treatment process,
membrane filtration – usually microfiltration or ultrafiltration – is used to separate biomass
and particulate matter from the purified water. Therefore, in comparison to CAS, MBRs are
more robust with a much smaller footprint and particularly very high treated effluent quality.
The latter does not only allow MBRs to meet some of the most stringent discharge standards
but also open perspectives for indirect potable water reuse [24]. In fact, it is generally agreed
that MBRs can outperform CAS for biological removal of bulk organic matter. However,
despite the increasing number of studies and full-scale applications of MBRs system, further
research efforts are still required. One particular challenge is the need to better understand the
performance of MBR with respect to the removal of trace organic contaminants [89].
The efficiency of MBR technology as a barrier for trace organic contaminants such as EDCs
and PhACs as well as the removal mechanisms remain unclear [33, 83, 89, 92, 105, 131,
156]. Previous studies have indicated significant variation in the removal of trace organics by
MBRs, ranging from near complete removal for some compounds (e.g. ibuprofen and
bezafibrate) to almost no removal for several others (e.g. carbamazepine and diclofenac) [92].
However, the reasons for such variation are still poorly understood. Furthermore, there have
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been some conflicting reports on whether MBRs can offer an enhanced removal efficiency in
comparison to that by CAS with respect to trace organic contaminants. In fact, an improved
removal efficiency of nonyl-phenols and nonyl-phenol ethoxylate [101] and several acidic
pharmaceuticals [83, 85] by MBRs over CAS under has been recently reported. In contrast,
several other authors reported comparable removal rates by MBRs and CAS for a range of
pharmaceuticals, fragrances, and endocrine disrupters [67, 92]. Although some of these
discrepancies have recently been reconciled, they clearly heighten an urgent need to further
improve our understanding with regarding the removal trace organic contaminants by
biological treatment processes, particularly MBRs. For example, different in performance
between MBRs and CAS with regard to the removal efficiency of some trace organic
contaminants can be attributed to their operating conditions. MBRs usually have a much
longer sludge retention time (SRT) in comparison to CAS. In fact, when MBRs and CAS
were operated at comparable SRT, no discernible difference in trace organic contaminant
removal was observed [71].
It also appears that removal efficiency of trace organics is governed to a large extent by their
physicohemical properties. Kimura et al. [83] suggested that poor removal of clofibric acid,
diclofenac, and dichloprop could possibly be attributed to the presence of chlorine in their
molecular structure or their relatively complicated aromatic rings. In a similar study, Urase et
al. [72] reported high removal efficiency of the hydrophobic EDCs while that of several other
pharmaceuticals were considerably lower. In addition, these authors also reported a
considerable enhancement in removal efficiency of certain trace organics such as ibuprofen
and ketoprofen when the MBRs were operated under an acidic condition rather than a basic
one [72].
In additional to hydrophobicity, trace organic removal by a MBR system can also be
governed by other physicochemical properties. For example, diclofenac has been consistently
reported as a very persistent compound in both CAS treatment processes and MBRs [59, 83,
157]. Subsequently, low removal efficiencies of diclofenac by MBRs has been attributed to
the presence of chlorine’s in the compound molecular structure [83]. Quantitative structureactivity relationship (QSAR) has recently emerged as a useful approach to relate
physicochemical properties of trace organic contaminants to their biodegradability in the
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environment as well as in a biological treatment process. One of the most widely used QSAR
packages for the estimation of the biodegradability of trace organic removal under aerobic
conditions with mixed cultures of organisms is the Biodegradation Probability Program for
Window (BIOWIN), which was developed by the US-EPA. Two different datasets were used
to derive the models included in BIOWIN version 4.2. These models are primarily statistical
and are based on the presence or absence of specific structural fragments with known or
suspected substantial impact on biodegradation. Examples of these structural fragments
include functional groups, halogen substitution, bonding types, and steric structures. QSAR
has recently been used for both qualitative [80, 158] and semi-quantitative [145] prediction of
trace organic removal by biological treatment processes. Lapertot and Pulgarin [145]
investigated the biodegradability of 17 priority hazardous substances and suggested that the
primary and ultimate BIOWIN models were generally suitable for removal assessment of
these compounds in industrial wastewater treatment processes. On the other hand, Yu et al.
[80] reported some inconsistency amongst the four BIOWIN models as well as between
BIOWIN predicted and actual data when they investigated the removal efficiency of 18
pharmaceutical and personal care products at a conventional municipal wastewater treatment
plant.
This study aims to elucidate the connection between physicochemical properties of trace
organic contaminants and their removal efficiencies by a laboratory scale MBR. Biological
performances as well as removal efficiency of selected trace organic contaminants were
evaluated at mixed liquor pH values of 5, 6, 7, 8, and 9, after an extended MBR operation.
Trace organic removal efficiency was related to their physicochemical properties and
possible removal mechanisms of trace organics by MBRs were investigated and discussed in
following sections.
7.2

Materials and Methods

7.2.1 Laboratory scale MBR set-up
A laboratory scale MBR set-up consisted of a glass reactor with active volume of 9 L, a
continuous mixer, two air pumps, a pressure sensor, and influent and effluent pumps was
used in this study. Two ZeeWeed-1 (ZW-1) submerged hollow fibre ultrafiltration membrane
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modules supplied by Zenon Environmental (Ontario, Canada) were used in this set-up. The
membrane has a nominal pore size of 0.04 µm, with a total effective membrane surface area
of the two modules of 0.094 m2. An electrical magnetic air pump (Heilea, model ACO 012)
with a maximum air flow rate of 150 L/min was used to aerate the MBR set-up via a diffuser
located at the bottom of the reactor. Dissolved oxygen concentration in the reactor was
monitored daily and kept constant at 2 ± 1 mg/L by controlling the aeration flow rate.
Another small air pump was also used to provide a constant air flow rate through the
membrane module to reduce fouling and cake formation. Transmembrane pressure was
continuously monitored using a high resolution pressure sensor (±0.1 kPa) which was
connected to a personal computer for data recording. The personal computer was also used to
control the permeate peristaltic pump to operate on a 14 minutes suction and 1 minute off
cycle to provide relaxation time to the membrane modules. Flow rate of the influent pump
was matched with that of the permeate pump to maintain a constant reactor volume. The
continuous mixer was used to ensure homogeneous conditions of the mixed liquor and to
prevent the solids from settling to the bottom of the reactor.
7.2.2 Model trace organics
Six trace organic contaminants were selected in this study on the basis of their widespread
occurrence in domestic sewage and their diversity in terms of physicochemical properties
(e.g. ionisable versus non-ionisable, hydrophobicity and molecular weight). All selected trace
organic compounds were of analytical grade and were purchased from Sigma-Aldrich (Saint
Louis, MO). A stock solution was prepared at a concentration of 1 g/L in pure methanol and
was used within less than a month. Molecular structures and physicochemical properties of
these trace organics are shown in Figure 7.1 and Table 7.1, respectively. These are low
molecular weight compounds with a considerably wide range of hydrophobicity as reflected
by their log Kow values. As can be seen from their dissociation constants, within a typical pH
range (pH 5 to pH 9) encountered in domestic wastewater treatment, bisphenol A and
carbamazepine are neutral while the other compounds can become negatively charged as the
solution pH exceeds their pKa value. This set of compounds can therefore allow for
systematic examination of the effects of pH on their removal efficiencies. It is noted that 17βestradiol and estrone were initially included as model trace organic contaminants. However,
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later analysis revealed a possible transformation from one to another amongst the estrogenic
compounds, particularly from 17β-estradiol to estrone. As a result, 17β-estradiol and estrone
data were excluded from the discussion in this project.
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Figure 7.1: Molecular structures of the selected trace organic contaminants. Functional
groups pertinent to the speciation of these compounds are highlighted in circles and their
association constants are also included.
Table 7.1: Physicochemical properties of the selected trace organic contaminants.

a

Trace organics

Molecular weight
(g/mol)

Log Kow a

Dissociation constant
(pKa) a

Sulfamethoxazole

253.28

0.887± 0.419

5.81±0.50

Bisphenol-A

228.29

3.431±0.232

9.73±0.15

Carbamazepine

236.27

2.673±0.376

13.94±0.20

Diclofenac

296.15

4.058±0.405

4.18±0.10

Ibuprofen

206.30

3.722±0.227

4.41±0.10

Ketoprofen

254.28

2.814±0.326

4.23±0.10

Values obtained from the SciFinder Scholar (ACS) database.
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7.2.3 Experimental protocol
Synthetic wastewater was used in this study to simulate high strength municipal wastewater
and to accelerate sludge build-up in the reactor. The concentrated synthetic wastewater was
prepared and stored in a refrigerator at 4oC. It was then diluted daily with MilliQ water to
make up a feed solution containing glucose (800 mg/L), peptone (150 mg/L), KH2PO4 (35
mg/L), MgSO4 (35 mg/L), FeSO4 (20 mg/L), and sodium acetate (450 mg/L). Composition of
the synthetic wastewater was similar to that in a previous study of [122]. The reactor was
seeded with activated sludge from the Wollongong sewage treatment plant. After the initial
start up process which lasted about 2 months, a small amount of sludge was regularly
extracted from the reactor to keep the sludge age at approximately 70 days. The hydraulic
retention time was set at 24 hours, corresponding to permeate flux of 4.3 L/m2h (or 6.7
mL/min). The MBR set-up was housed in an air-conditioned room and the reactor
temperature was kept constant at 22±2oC. Performance of the MBR setup with regard to basic
water quality parameters was then monitored for about 3 months.
After approximately 3 months of stable operation, trace organic contaminants were spiked
into the feed solution each day to final concentration between 2 and 20 µg/L of each selected
compound. The feed solution was kept in a stainless steel reservoir at room temperature
(22±2oC). Acidity of the reactor was then adjusted to pH 7.0 ± 0.1. The influent pH was also
adjusted to match the mixed liquor pH. Both feed and permeate samples were taken in
duplication for trace organic contaminants analysis after 2 and 4 days of operation at each pH
value. The mixed liquor pH was then decreased to pH 6 ± 0.1 and pH 5 ± 0.1. Prior to the
increase of the mixed liquor pH to a basic condition (pH 8 ± 0.1 and 9 ± 0.1), the MBR was
operated again at pH 7 ± 0.1 for over one week to avoid any sudden pH shock. Analytical
grade NaOH (1 M) or HCl (1 M) solutions were used to adjust the pH of both the influent and
the

reactor


to

as R  100   1 


CP
CF

a

specified

pH

value.

Removal

efficiency

was

calculated


 , where CP and CF are permeate and feed concentrations (ng/L),


respectively. The term removal here does not necessarily indicate complete mineralisation of
the trace organics to carbon dioxide and water.
113

Chapter 7 Effect of Mixed Liquor pH on the Removal of Trace Organics

Static adsorption experiments were conducted using sludge taken from the reactor after one
month of operation without any trace organic loading to the feed solution. The sludge was
sterilised using a Bioclean autoclave, centrifuged and washed with sterilised MilliQ water. It
was reconstituted with sterilised MilliQ water to make up five individual samples; each has a
volume of 100 mL and an MLSS content of 17 g/L. After spiking with trace organics at
concentration of approximately 2000 ng/L, the pH was then adjusted to pH 5, 6, 7, 8, and 9,
respectively. The sterilised mixed liquor samples were placed in a Bioline shaker for 2 days.
The mixed liquor was centrifuged to obtain clear supernatant for solid phase extraction and
subsequent determination of the trace organic concentrations. Adsorption was calculated by
subtracting the amount of each trace organic remained in the supernatant from the initial mass
added.
7.3

Analytical methods

The analysis of the model trace organics was based on a method previously developed by
Vanderford and Snyder [124]. Analytes were extracted using 5 mL, 500 mg
hydrophilic/lipophilic balance (HLB) cartridges (Waters, Millford, MA, USA). Cartridges
were pre-conditioned with 5 ml of tert-butyl methyl ether (MTBE), 5 mL of methanol and 5
mL of reagent water. Samples were spiked with a solution containing 50 ng of an isotopically
labeled version of each analyte. The sample was then loaded onto the cartridges at 15
mL/min, after which the cartridges were rinsed with 5 mL of reagent water and dried with a
stream of nitrogen for 30 min. Loaded cartridges were stored at 4 °C in sealed bags under
nitrogen until elution and analysis. Analytes were eluted from the cartridges with 5 mL of
methanol followed by 5 mL of 1/9 (v/v) methanol/MTBE into centrifuge tubes. The resulting
extract was concentrated using vacuum assisted evaporation to approximately 100 L. The
extract was brought to a final volume of 1 mL with methanol.
Analytes were separated using an Agilent (Palo Alto, CA, USA) 1200 series high
performance liquid chromatography (HPLC) system equipped with a 150 x 4.6 mm, 5 m
particle size, Luna C18 (2) column (Phenomenex, Torrence CA, USA) . A binary gradient
consisting of 5 mM ammonium acetate in water (A) and 100% methanol (B) at a flow rate of
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800 L/min was used. For ESI positive analyses, the gradient was as follows: 10% B held for
0.50 min, stepped to 50% B at 0.51 min and increased linearly to 100% B at 8 min, then held
at 100% B for 2 min. For ESI negative analyses, the gradient was as follows: 10% B held for
0.50 min, stepped to 60% B at 0.51 min and increased linearly to 100% B at 8 min, then held
at 100% B for 3 min. A 5 min equilibration step at 10% B was used at the beginning of each
run. An injection volume of 10 L was used.
Mass spectrometry was performed using an API 4000 triple quadrupole mass spectrometer
(Applied Biosystems, Foster City, CA, USA) equipped with a turbo-V ion source employed
in both positive and negative electro-spray modes. For each analyte and internal standard a
precursor ion and two product ions were monitored for reliable confirmation. Relative
retention times of the analyte and isotopically labeled internal standard were also monitored
to ensure correct identification [124].
Standard solutions of all analytes were prepared at 1, 5, 10, 50, 100, 500 and 1000 ng/mL. A
relative response ratio of analyte/internal standard over a 1 – 1000 ng concentration range
was generated enabling quantitation with correction for losses due to ion suppression and
incomplete SPE recovery. All calibration curves had a correlation coefficient of 0.99 or
better. Detection limits were defined as the concentration of an analyte giving a signal to
noise (s/n) ratio greater than 3. The Limit of Reporting was determined using an s/n ratio of
greater than 10.
Mixed liquor pH was measured by a Metrohm Advanced pH/Ion Meter. The pH meter was
calibrated daily. Total organic carbon (TOC) and total nitrogen (TN) were measured using a
Shimadzu TOC/TN-VCSH analyser. TOC analysis was conducted in non-purgeable organic
carbon (NPOC) mode. Samples were kept at 4°C until analysed and calibrations were
performed in the range between 0 and 1000 mg/L and 0 to 100 mg/L for TOC and TN,
respectively. MLSS concentration in the reactor was measured in accordance to the Standard
Methods for the Examination of Water and Wastewater [123].
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7.4

Results and Discussion

7.4.1 Biological performance of the MBR
After the initial start up, biological performance of the MBR was monitored by regularly
taking TOC, TN, and turbidity measurement of the influent and treated water samples.
During this monitoring period, MLSS content in the reactor continued to rise from 10 g/L to
almost 20 g/L (Figure 7.2). Excessive sludge was then purged regularly to maintain an MLSS
level of around 17 g/L, resulting in a sludge retention time of about 70 days. It is evidenced
from Figure 7.2 that variation in the MLSS content in the reactor did not exert any discernible
influence on the overall biological performance of the MBR system. Despite some
considerable variation in the MLSS content of the reactor, removal efficiencies of both TOC
and TN remained relatively constant. TOC removal fluctuated between 80% and 99% with an
average of just above 90%. On the other hand, the MBR showed a slightly higher TN
removal efficiency with an average of 98%. It is also noteworthy that turbidity of the treated
effluent was always below 0.2 NTU. Results reported here are also in good agreement with
our previous investigation using a much lower MLSS content of approximately 4.5 g/L [158].
Hydraulic operation of the MBR was also quite stable. The membranes were cleaned every
fortnight for 30 mins using 1% sodium hypochlorite solution. Throughout the experiment, no
excessive transmembrane pressure increase could be observed (data not shown).
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Figure 7.2: Dynamic variation of TOC and TN removal efficiency and of MLSS
concentration in the reactor over a 3-month acclimatisation period.
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7.4.2 Effects of pH
7.4.2.1 Biological performance of the MBR
The effects of mixed liquor pH on the removal efficiency of TOC and TN by the MBR are
shown in Figure 7.3. In good agreement with previous literature [159], optimum pH for
biological performance of the MBR appears to be near neutral (i.e. approximately pH 7). As
can be seen in Figure 7.3, there is a small decrease in biological performance with regard to
both TOC and TN removal efficiencies as the mixed liquor acidity is increased to pH 5. In
contrast, a sharp decline in TOC removal efficiency can also be observed when the mixed
liquor pH increases beyond pH 8. Interestingly, the removal efficiency of TN appears
considerably less sensitive to pH than that of TOC.
TN Removal

TOC Removal

TOC/TN Removal Rate (%)

100
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0
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9.0

pH of the Reactor

Figure 7.3: TOC and TN removal efficiencies as a function of the reactor pH.
While the number of investigations that have explicitly studied the effects of pH on the
treatment efficiency of an MBR system remains very limited, results reported here are
consistent with previous studies on CAS treatment processes [72, 160, 161]. Lower biological
performance under either acidic or basic condition can be attributed to complex changes in
the microorganism fauna of the reactor in response to the mixed liquor pH. The
microorganism fauna of an activated sludge reactor could be quite resistant to mild acidic
condition (in pH 4.5 and pH 5.5) [160]. Under this condition, some species such as
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paramecium, aspidisca, and nematoda could become dormant whereas several others such as
trachelophyllum and cephalodella could be more abundance [160]. The overall adverse
impact of mild acidic conditions on biological performance of the reactor was, however, quite
small. In another study, Zhang et al. [161] reported a very small decrease in TOC removal
from 94% to 93% as the mixed liquor pH was changed from pH 7.0 to pH 6.5. Interestingly,
under this condition the authors also reported a drastic drop in phosphate removal from
99.9% to 17.0% [161]. According to these authors, two distinctive groups of microorganisms
were responsible for the removal of TOC and phosphate respectively and they responded to
the mixed liquor pH quite differently [161]. Similarly, at pH 8 or above, polyphosphateaccumulating organisms could strongly compete with glycogen-accumulating organisms
[162]. Since the latter is responsible for the uptake of carbon, it is possible that TOC removal
would be compromised to some degree at high pH.
7.4.3 Removal of trace organic contaminants
Figure 7.4 shows the effects of mixed liquor pH on the removal efficiencies of trace organic
contaminants. Removal behaviours of these trace organic compounds differ remarkably from
those of TOC and TN in response to changes in the mixed liquor pH. The influence of mixed
liquor pH on the removal of trace organic contaminants was quite dramatic for all four
ionisable compounds selected in this study (Figure 7.4a). In contrast, no discernible variation
in removal efficiencies of the two neutral compounds bisphenol A and carbamazepine could
be observed (Figure 7.4b).
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Figure 7.4: Removal efficiencies of ionisable (a) and non-ionisable (b) trace organic
contaminants as a function of the mixed liquor pH. Error bars showing standard deviation of
4 removal efficiency values (duplicate samples were collected after 2 and 4 days).
As discussed above, high removal efficiencies of the ionisable trace organics at pH 5 were
probably not because of the more favourable biological condition in the reactor. Instead, such
high removal efficiencies could be attributed to physicochemical properties of these ionisable
compounds at an acidic condition. The pKa values of these four compounds
(sulfamethoxazole, ibuprofen, diclofenac, and ketoprofen) are in the range between 4.2 and
5.8 (Table 7.1). Consequently, at pH 5 they exist predominantly as neutral species. In
addition, in their neutral forms, these compounds with the exception of sulfamethoxazole are
quite hydrophobic and therefore can adsorb to the activated sludge quite readily. Changes in
hydrophobicity of these compounds as a function of the solution pH can also be presented by
the effective log octanol–water distribution coefficient (log D). As can be seen in Figure 7.5,
the value of log D (or the effective hydrophobicity) of the ionisable compounds used in this
study decrease quite dramatically. It is clearly evidenced that the decline in removal
efficiency of ibuprofen, diclofenac and ketoprofen closely resembles the decrease in their
effective hydrophobicity. It is also noteworthy that sulfamethoxazole has a low log Kow value
and therefore is quite hydrophilic even in its neutral form. As a result, the decrease in
removal efficiency of sulfamethoxazole as the mixed liquor pH increased beyond pH 5 is
considerably less than that of the other ionisable compounds. Several previous studies have
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also attributed high removal of hydrophobic trace organic contaminants by MBRs to their
adsorptive capacity to the sludge in addition to their biodegradability [72, 158]. Indeed, this is
consistent with results obtained from a static abiotic (sterilised sludge) adsorption test. There
is a clear trend of increasing adsorption as the solution pH decreases toward pH 5 (Figure
7.6). Adsorption of all ionisable compounds used in this study to the abiotic sludge was
considerably higher at pH 5 than any other pH values. In addition, adsorption of bisphenol A
to the sterilised sludge was considerably higher than that of all other compounds within the
pH range examined in this study (Figure 7.6).
In contrast to the ionisable compounds discuss above, both bisphenol A and carbamazepine
did not speciate as the mixed liquor pH varied from pH 5 to pH 9. Consequently, their
removal efficiencies remained relatively constant and independent of the mixed liquor pH.
Once again, high removal efficiency of bisphenol A in comparison to carbamazepine could
be partially attributed to the fact that the former was quite hydrophobic and the latter was
rather less hydrophobic (Table 7.1). Nevertheless, it is important to note that adsorption may
not necessarily be solely accountable for the removal of trace organics in an MBR system.
Adsorption alone would only result in a temporary build-up of trace organics in the reactor.
Therefore, it is arguable that high removal efficiency of bisphenol A could be attributed to
both adsorption and high biodegradability of this compound in comparison to carbamazepine
which does not readily adsorb to the sludge.
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Figure 7.5: Effective octanol-water distribution coefficient (log D) as a function of pH (log
D values obtained from the SciFinder Scholar (ACS) database).
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Figure 7.6 : Adsorption of trace organics to sterilised activated sludge as a function of pH.
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7.4.4 Quantitative structure-activity relationship
Given a short acclimation time used in this study at each pH value, it is prudent to also
consider biotransformation of the trace organics. Trace organic removal efficiency is not only
governed by adsorption to activated sludge but also their biodegradability and biological
transformation. Indeed, a qualitative connection between biodegradability and removal
efficiency can be clearly observed in Table 7.2, which shows the arithmetic mean scores
indicating biodegradability (obtained from the primary expert model of the BIOWIN
package) and the observed trace organic removal efficiency at pH 7. High removal efficiency
of bisphenol A and sulfamethoxazole can be explained by their high biodegradability
indicators. The trace organics are listed in Table 7.2 in the order of the decreasing
biodegradability

(decreasing

biodegradability

indicator).

With

the

exception

of

carbamazepine, the order of removal efficiency shown in Table 7.2 is consistent with the
predicted biodegradability. It is interesting to note that the removal efficiency of
carbamazepine showing here is considerably higher than that reported by Clara et al., [71,
92]. These authors reported no low removal of carbamazepine by both MBRs and CASs.
They were conducted at either neutral or unspecified pH [71, 92]. In addition, the MLSS
content in these studies by Clara et al. [71, 92] were considerably lower than that of the
current study. It is also noteworthy that carbamazepine has a relatively high log D (Figure
7.5) and can readily adsorb to activated sludge (Figure 7.6). As discussed in the previous
section, adsorption of carbamazepine to the sludge and the high sludge content used in this
study may enhance the removal efficiency of carbamazepine to some extent. In fact,
carbamazepine removal efficiency by MBRs as high as 30% has been reported elsewhere
[163, 164]. Once again, results reported here clearly highlight the intricate relationship
amongst the compound biodegradability, hydrophobicity and their removal efficiency.
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Table 7.2: Predicted biodegradability versus actual removal efficiency.
Predicted biodegradabilitya

Removal efficiency (%)b

Bisphenol-A

3.444

97.47

Sulfamethoxazole

3.305

92.45

Ibuprofen

2.958

72.77

Ketoprofen

2.927

3.71

Carbamazepine

2.677

21.9

Diclofenac

2.286

0.22

Compounds

a

Primary biodegradability indicator (estimated using the BIOWIN version 4.20 software,
EPA EPI Suit version 3.20).

b

Actual removal efficiency at pH 7.

7.5

Conclusions

Near neutral pH was found to be the optimum value for biological performance with regard
to TOC and TN removal efficiencies. Under either acidic or basic condition, there was a
reduction in TOC and TN removal efficiencies observed in this study.
Removal efficiencies of four ionisable trace organic contaminants used in this study was also
strongly pH dependent. High removal efficiency of these compounds was found when
undertaking in low pH resulting from change in speciation of these compounds to more
hydrophobicity in predominant neutral forms (pH 5) exception for sulfamethoxazole. This
caused significant increasing in adsorption to the activated sludges. However, the
biodegradability in the process was also concern. High removal efficiency in
sulfamethoxazole was mainly due to biodegradabilty process despite its hydrophilicity
property. It was obvious that the underlying mechanism was quite different due to the
speciation of these compounds as a function of pH and then it resulted in the different level of
removal efficiencies among ionisable compounds in this study.
On the other hand, removal efficiencies of the two non-ionisable compounds: bisphenol A
and carbamazepine were relatively independent of the mixed liquor pH. The difference in
removal efficiency of these two compounds was possibly attributed to their physicochemical
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properties which were no change in speciation form of compounds with pH mixed liquor
operation. The higher removal efficiency in bisphenol A than carbamazepine was due to more
hydrophobicity as a result of enhancing adsorption to sludge in addition its high
biodegradability.
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8 CHAPTER 8 EFFECT OF OPERATING CONDITIONS ON THE REMOVAL OF
TRACE ORGANICS
8.1

Introduction

The performance of an MBR system can be governed by a number of operating parameters.
Hydraulic retention time (HRT) has been identified as a prominent parameter controlling the
performance of an MBR system. HRT reflects the contact time between the pollutant and the
microorganisms, which is expected to affect the biodegradation of organic contaminants.
HRT is also used for controlling organic load into the system, and therefore, HRT can be
adjusted to optimise the performance. Generally, the HRT value is set to a moderate level to
achieve a quality of effluent despite the MBR capacity to operate at high biomass up to ten
times of that of a conventional activated sludge treatment process [165]. However, because
the degradability of some trace organic contaminants can differ substantially from that of
natural organic matter, the HRT may influence the removal of such trace organic
contaminants during an MBR treatment process. To examine this hypothesis, the effects of
HRT (in the range from 8 to 24 hours) on the removal of trace organics were investigated in
this study.
When operating at high biomass concentration, which is usually the case in a typical MBR
system, a major power requirement comes from aeration. Aeration is employed to supply
dissolved oxygen (DO) for the metabolism of microorganisms the biological system and to
maintain the biosolids in suspension. An adequate amount of oxygen needs to be provided to
microorganisms to convert the carbonaceous organic matter in wastewater to cell tissue and
various gaseous and product, to oxidise nitrogen in nitrification process and to oxidise
inorganic compounds within the wastewater [166]. In addition, aeration is also used to scour
the membrane surface to control fouling [25]. Several researchers have studied the influence
of aeration on the performance of MBRs in removing organic matters. For examples,
Canziani et al. [167] reported 90% oxidation of ammonia to nitrite was achieved when DO
concentration in MBR treating old landfill leachate was in the range 0.2-0.5 mg/L. Similarly,
He et al. [168] found that a low DO concentration provided the good performance of
simultaneous nitrification and de-nitrification (SND) in MBR without nitrification inhibition.
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It has been concluded that DO content is an important parameter governing the performance
of microorganisms in nitrification and denitrification process. According to Batt et al. [169]
nitrifying bacteria have important role as a co-metabolizing to effectively degrade a wide
range of micropollutants such as trimethoprime and iopromide. However, the effect of DO
concentrations on the removal of trace organic contaminants by MBRs has not yet been
studied.
Temperature is another parameter that affects biological activity and therefore it is expected
to also affect trace organic degradation as well. There have been several studies investigating
the influence of temperature on the performance of MBR regarding the removal of basic
water quality parameters. Al-Amri et al. [170] investigated the MBR performance treating
municipal wastewater at three different temperatures of 25, 35 and 45°C and at various
hydraulic fluxes. They found that the increase in temperature decreased the COD removal
efficiency. Although studies of temperature influence on the removal of micropollutants
reported in the literature remain very scarce, there is some evidence that temperature can
influence the removal efficiency of these contaminants. For example, Vieno et al. [68] found
that the elimination of pharmaceuticals decreased significantly in wintertime in effluents
from a sewage treatment plants due to a lower rate of biodegradation. According to TauxeWuersch et al. [48], the removal of ibuprofen and ketoprofen were decreased during a wet
weather period in the winter time compared to dry periods when they examined a full scale
treatment plant. On the other hand, it has also been noted that temperature had no influence
on the removal of antimicrobial compounds [64]. The effects of temperature on
micropollutant removal in wastewater treatment systems have not yet been comprehensively
studied and the data in the literature appear to be rather inconclusive. In addition, the
variation in the behaviour of trace organic contaminants in the MBR system with different
seasons remains poorly understood.
Mixed liquor suspended solids (MLSS) concentration is also a crucial operating parameter for
MBRs. It has been well established that MBRs have advantages over the conventional
activated sludge. A major benefit of MBRs is the ability to operate at high concentrations of
mixed liquor suspended solids in the reactor, regardless of organic load in the wastewater [171].
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Concentration of suspended solid in the bioreactor increases with sludge retention time (SRT)
and allows for the development of slow-growing bacteria in enhancing their biodegradation
as a result of higher treatment efficiency. According to Al-Malack [172], increasing MLSS
concentration was found to increase the COD removal efficiency. However, there is lack of
information regarding the performance of MBR in removing trace organic compounds with
different MLSS concentrations. Based on the above findings summarised in the literature, the
higher concentration of MLSS in MBR may enhance the removal of micropollutants.
Overall, MBR treatment technology provides an intensified biological wastewater treatment
and could potentially offer better removal of trace organic contaminants compared to CAS.
However, reported removal efficiencies of specific trace organic contaminants by MBR can
vary significantly from one study to another [173]. Different operating conditions are thought
to be the underlying factor for such variation [173, 174]. In fact, it has been established that
operating parameters such as DO concentration, HRT, temperature, and pH can greatly
influence the performance of MBRs with respect to the removal of carbonaceous organic
matter and nutrients [175-177]. Recent studies have demonstrated considerable effects of the
mixed liquor pH on the removal of trace organic contaminants [72, 110]. However, little is
known about the precise influence of the other key operational parameters [174].
This chapter reports the influence of HRT, DO concentration, temperature and MLSS
concentration on the removal of ten trace organic contaminants by a laboratory-scale MBR
system operating in a controlled environment. The effect of each operating parameter on the
removal of the 10 selected chemicals is discussed in reference to their physicochemical
properties, namely hydrophobicity and biodegradability. The influence of operating
conditions on basic biological performance of the MBR is also examined to provide further
insights to the treatment process.
8.2

Materials and methods

8.2.1 MBR set-up
A laboratory scale MBR set-up was used in this study. The MBR system consisted of a glass
reactor with active volume of 9 L, a continuous mixer, two air pumps, a pressure sensor, and
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influent and effluent pumps. Two ZeeWeed-1 (ZW-1) submerged hollow fibre ultrafiltration
membrane modules supplied by Zenon Environmental (Ontario, Canada) were used in this
set-up. The membrane has a nominal pore size of 0.04 µm. Each module has an effective
membrane surface area of 0.047 m2. An electrical magnetic air pump (Heilea, model ACO
012) with a maximum air flow rate of 150 L/min was used to aerate the MBR set-up via a
diffuser located at the bottom of the reactor. Dissolved oxygen concentration in the reactor
was monitored daily and regulated by controlling the aeration flow rate. Another small air
pump was also used to provide a constant air flow rate through the membrane module to
reduce fouling and cake formation. Transmembrane pressure was continuously monitored
using a high resolution pressure sensor (±0.1 kPa) which was connected to a personal
computer for data recording. A Neslab RTE 7 equipped with a stainless steel heat exchanging
coil was used to maintain a constant temperature in the MBR reactor. The personal computer
was also used to control the permeate peristaltic pump to operate on a 14 minutes suction and
1 minute off cycle to provide relaxation time to the membrane modules. Flow rate of the
influent pump was matched with that of the permeate pump to maintain a constant reactor
volume. The continuous mixer was used to ensure homogeneous conditions of the mixed
liquor and to prevent the settling of biomass.
8.2.2 Model trace organics
Ten compounds were selected for this study to represent three major trace organic groups of
concern in water reuse applications – namely pharmaceutical and personal care products
(ketoprofen, ibuprofen, naproxen, diclofenac, carbamazepine, sulfamethoxazole and
triclosan), steroid hormones (estrone and 17β-estradiol) and

an industrial compound

(bisphenol A). These trace organic contaminants have been frequently detected in domestic
sewage and sewage impacted water bodies in the range of tens of nanograms to several
micrograms per litre. Physicochemical properties of these trace organics and their molecular
structures are shown in Chapter 3 (Table 3.2). The hydrophobicity of these trace organic
contaminants can be determined by the effective log octanol–water distribution ratio (log D),
which takes into account the speciation of the compound at a specific pH value [109]. Based
on their log D value at pH 8 (which is the pH value of the mixed liquor in this study), these
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compounds can be classified into a hydrophilic group (log D < 3.2) and a hydrophobic one
(log D > 3.2) [173] as can be seen in Table 8.1. All trace organic compounds used in this
study were of analytical grade. A combined stock solution was prepared in pure methanol.
This stock solution was stored in a freezer at – 4 ºC and was used within less than a month of
preparation.
Table 8.1: Physicochemical properties of selected trace organic compounds.
pKaa

C10H11N3O3S

MW
(g/mol)
253.28

5.81

Log Da
at pH 8
-0.10

Ketoprofen

C16H14O3

254.28

4.23

0.09

Naproxen

C14H14O3

230.26

4.84

0.85

Ibuprofen

C13H18O2

206.3

4.41

1.16

Diclofenac

C14H11Cl2NO2

296.15

4.18

1.28

Carbamazepine

C8H9NO2

236.27

13.94

2.67

Bisphenol-A

C15H16O2

228.29

9.73

3.43

Estrone

C18H22O2

270.37

10.25

3.69

17β-estradiol

C18H24O2

272.39

10.27

4.13

Triclosan

C12H7Cl3O2

289.54

7.8

4.93

Compound

Formula

Sulfamethoxazole

Hydrophobicity

Hydrophilic

Hydrophobic

a

SciFinder Scholar, data calculated using Advanced Chemistry Development
(ACD/Labs) Software V8.14 for Solaris (1994-2007 ACD/Labs)

Ten compounds were selected for this study to represent four major trace organic groups of
concern in water reuse applications – namely pharmaceutical and personal care products
(ketoprofen, ibuprofen, naproxen, diclofenac, carbamazepine, sulfamethoxazole and
triclosan), steroid hormones (estrone and 17β- estradiol) and industrial compound (bisphenol
A). The selection of these model trace organic compounds was also based on their
widespread occurrence in domestic sewage and their diverse physicochemical properties (e.g.
ionisable versus non-ionisable, hydrophobicity and molecular weight). Molecular structures
and physicochemical properties of these trace organics are shown in Chapter 3 (Table 3.2). In
addition, the intrinsic hydrophobicity of these compounds varies significantly as reflected by
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their log D values. The most hydrophilic compound is sulfamethoxazole with log D at pH 8
of -0.9 and the most hydrophobic compound is triclosan with log D at pH 8 of 4.76. All
selected trace organic compounds were of analytical grade. A cocktail of stock solution was
prepared in pure methanol. The trace organic stock solution was kept in a freezer and was
used within less than a month.
8.2.3 Trace organic analysis
The analysis of the model trace organics was based on a previously reported method [124].
Analytes were extracted using 5 mL, 500 mg hydrophilic/lipophilic balance (HLB) cartridges
(Waters, Millford, MA, USA). Cartridges were pre-conditioned with 5 mL of tert-butyl
methyl ether (MTBE), 5 mL of methanol and 5 mL of reagent water. Samples were spiked
with a solution containing 50 ng of an isotopically labelled version of each analyte. The
sample was then loaded onto the cartridges at 15 mL/min, after which the cartridges were
rinsed with 5 mL of reagent water and dried with a stream of nitrogen for 30 min. Loaded
cartridges were stored at 4 °C in sealed bags under nitrogen until elution and analysis.
Analytes were eluted from the cartridges with 5 mL of methanol followed by 5 mL of 1/9
(v/v) methanol/MTBE into centrifuge tubes. The resulting extract was concentrated using
vacuum assisted evaporation to approximately 100 µL. The extract was brought to a final
volume of 1 mL with methanol.
Analytes were separated using an Agilent (Palo Alto, CA, USA) 1200 series high
performance liquid chromatography (HPLC) system equipped with a 150 x 4.6 mm, 5 µm
particle size, Luna C18 (2) column (Phenomenex, Torrence CA, USA). A binary gradient
consisting of 5 mM ammonium acetate in water (A) and 100% methanol (B) at a flow rate of
800µL/min was used. For ESI positive analyses, the gradient was as follows: 10% B held for
0.50 min, stepped to 50% B at 0.51 min and increased linearly to 100% B at 8 min, then held
at 100% B for 2 min. For ESI negative analyses, the gradient was as follows: 10% B held for
0.50 min, stepped to 60% B at 0.51 min and increased linearly to 100% B at 8 min, then held
at 100% B for 3 min. A 5 min equilibration step at 10% B was used at the beginning of each
run. An injection volume of 10 µL was used.
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Mass spectrometry was performed using an API 4000 triple quadrupole mass spectrometer
(Applied Biosystems, Foster City, CA, USA) equipped with a turbo-V ion source employed
in both positive and negative electro-spray modes. For each analyte and internal standard a
precursor ion and two product ions were monitored for reliable confirmation. Relative
retention times of the analyte and isotopically labelled internal standard were also monitored
to ensure correct identification [124].
Standard solutions of all analytes were prepared at 1, 5, 10, 50, 100, 500 and 1000 ng/mL. A
relative response ratio of analyte/internal standard over a 1 – 1000 ng concentration range
was generated enabling quantitation with correction for losses due to ion suppression and
incomplete SPE recovery. All calibration curves had a correlation coefficient of 0.99 or
better. The limit of reporting was determined using a signal-to-noise ratio (s/n) of greater
than 10.
8.2.4 Analysis of basic water parameters
Solution pH was measured using an Orion 4-Star Plus pH/conductivity meter. Total organic
carbon (TOC) and total nitrogen (TN) were analysed using a Shimadzu TOC/TN-VCSH
analyser. TOC analysis was conducted in non-purgeable organic carbon (NPOC) mode.
Samples were kept at 4 °C until analysed and calibrations were performed in the range
between 0 and 1000 mg/L and 0 to 100 mg/L for TOC and TN, respectively. When
necessary, mixed liquor samples taken from aerated biological reactor were centrifuged
(Allegra X-12R, Beckman Coulter, USA) at 3,270 g and the TOC concentration in the
supernatant was measured as an indication of bioreactor performance. MLSS content in the
MBR reactor was measured in accordance to the Standard Methods for the Examination of
Water and Wastewater [123].
8.2.5 MBR experimental protocol
The MBR system was continuously fed with a synthetic wastewater previously described in
detail elsewhere [173]. The concentrated synthetic wastewater was prepared and stored in a
refrigerator at 4oC. It was then diluted with MilliQ water on a daily basis to make up a feed
solution containing glucose (800 mg/L), peptone (150 mg/L), KH2PO4 (35 mg/L), MgSO4
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(35 mg/L), FeSO4 (20 mg/L), and sodium acetate (450 mg/L). The reactor was seeded with
activated sludge from the Wollongong sewage treatment plant. After the initial start up
process, which lasted about 2 months, a small amount of sludge was regularly extracted from
the reactor to keep the sludge age at approximately 70 days and the mixed liquor suspended
solid (MLSS) content at around 10 g/L. Unless otherwise stated, the HRT was set at 24
hours, corresponding to permeate flux of 4.3 L/m2h (or 6.7 mL/min). The MBR reactor
temperature was also kept constant at 20.0±0.1oC, except during the temperature experiment.
Similarly, the DO concentration in the reactor was maintained at 2 mg/L.
Four operating conditions including HRT, DO concentration, temperature and MLSS
concentration were regulated in this study to investigate their influence on the performance
of the MBR. When each of these operating parameters was studied, all other operating
parameters were kept constant as described above. At the end of each experiment, the system
was returned to the standard condition as described above. The MBR system was operated
for at least one month until the performance regarding TOC and TN removals returned to a
steady state before commencing the next experiment.
In the first experiment, the HRT was set to 24, 20, 16, 12 and 8 h respectively were
investigated. Importantly, the MBR system reached the steady state condition before starting
these experiment runs, which it was detected from the stable performance of MBR in
removing organic matters. After finishing one experiment, the system was allowed to turn to
a normal condition. In the second experiment, the effects of DO concentration on trace
organic removal was investigated at five different DO levels of 1, 2, 3, 4 and 5 mg/L. The DO
meter was used to measure the DO concentration in the bioreactor frequently and the air flow
rate was regulated to control the concentration of DO in the reactor. The effect of temperature
was investigated by controlling the mixed liquor temperature in the range from 10 to 30°C.
The mixed liquor temperature was initially set at 20°C and then was lowered to 15 and 10°C
respectively. The temperature was then readjusted back to 20°C for two weeks before a
gradual increase to 25° C and 30° C respectively were accomplished to avoid a temperature
shock. The mixed liquor temperature was regulated using a Neslab 7 (Thermo-Scientific)
temperature control unit which was equipped with a stainless steel heat exchanging coil
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submerged directly in the biological reactor. The fourth operating parameter investigated in
this chapter was MLSS concentration. In this experiment, the sludge was taken out and the
biomass in the reactor was allowed to enhance. Samples were collected when the MLSS
concentration in reactor came to required concentration. The various MLSS concentrations
were used in this study including the MLSS concentration of 4, 7, 10, 13, 16 and 19 g/L.
Then some sludge was removed and the experiment was repeated at MLSS concentration of
4, 7, 10 and 13 g/L respectively.
Trace organic contaminants were continuously introduced into the feed solution to make up a
concentration of approximately 2 µg/L of each selected compound. The feed solution was
kept in a stainless steel reservoir at air-conditioned temperature (20±2oC). Samples were
extracted onto solid phase extraction cartridges immediately after collection. The cartridges
were kept in a refrigerator at 4 ºC until elution and subsequent analysis. Removal efficiency

 C Eff
was calculated as R  100  1 
 C
Inf



 , where CInf and CEff are influent and effluent (or



permeate) concentrations of the trace organic compound, respectively. It is noteworthy that
the term removal here does not necessarily indicate complete mineralisation of the trace
organics to carbon dioxide and water.
8.3

Results and discussion

8.3.1 Effect of HRT on removal
8.3.1.1 Variation of TOC and TN removal with HRT
The initial HRT value of this set of experiment was 24 hours and it was then incrementally
decreased to 20, 16, 12, and 8 hours. At each HRT value, the system was stabilised for
approximately one week and four influent and permeate samples were collected for analysis.
Throughout the experiment, the feed TOC and trace organics were constant at 530±20 mg/L
and 2 µg/L, respectively. Figure 8.1 shows the variation of the effluent TOC and TN
concentrations and the corresponding removal efficiencies as a function of the HRT. TOC
removal efficiency was stable at approximately 90% as the HRT value decreased from 24
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hours to 12 hours (Figure 8.1a). A small but nevertheless clearly discernible reduction in
TOC removal efficiency could be observed when the HRT was dropped to 8 hours. This
reduction in the removal TOC implies that at HRT of approximately 8 hours, the system has
reached the critical organic loading rate. It is noted that the wastewater strength used in this
investigation was quite high (see Chapter 3). Overall, the variation of HRT values in the
range from 12 to 24 hours did not significantly influence the removal efficiency of TOC.
A similar conclusion can also be made regarding the removal of TN (Figure 8.1b).
Throughout the HRT range from 12 to 24 hours, the removal efficiency of TN remained well
above 97%, although a small reduction in TN removal efficiency could also be observed as
the HRT value decreased to 8 hours (Figure 8.1b).
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Figure 8.1: Effluent concentration and removal rate of (a) TOC (b) TN as a function of the
hydraulic retention time.
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8.3.1.2 Variation of trace organic removals with HRT
As the HRT value decreased from 24 to 8 hours, the volumetric loadings of the trace organic
contaminants increased from 20 µg/L/d to 60 µg/L/d, respectively.
Figure 8.2 shows the variation in the removal of the ten model trace organic contaminants as
a function of HRT. There is an overall trend of decreasing trace organic removal efficiency as
the HRT value decreased. This trend is somewhat irregular for the hydrophilic compounds (
Figure 8.2a) but is very consistent for all four hydrophobic compounds (
Figure 8.2b) investigated here. In fact, a decrease in the removal efficiency of all hydrophilic
compounds

with

moderate

(naproxen

and

ketoprofen)

or

high

(ibuprofen

and

sulfamethoxazole) initial removal efficiency (at HRT value of 24 hours) can be observed in
Figure 8.2a. In contrast, the removal efficiencies of carbamazepine and diclofenac are quite
low and indeed consistent with previously published literature data [164]. Given the
recalcitrant properties of these two compounds to biological treatment [164, 173, 178] their
removal efficiencies are not expected to be influenced by the HRT of the MBR (
Figure 8.2a). The removal efficiencies of all four hydrophobic trace organic compounds
decreased almost linearly as the HRT value was reduced from 24 to 8 hours. Nevertheless, it
is noteworthy that while the trend is consistent, the magnitude of the impact varied
significantly possibly depending on the physiochemical properties of each individual
compound. For example, the removal efficiency of estrone and bisphenol A dropped sharply
as the HRT decreased from 24 to 8 hours. On the other hand, the removal of triclosan and
17-estradiol declined gradually as the HRT decreased over the same range of value.
Tadkaew et al.[173] argued that the adsorption of hydrophobic trace organic compounds to
activated sludge could prolong their actual retention time in the reactor, and thus facilitate
further biological degradation of these hydrophobic compounds. This explanation has also
been confirmed by Kimura et al. [179] when they investigated the behaviour of EDCs by
measuring the concentration of 17β-estradiol and estrone in the water and sludge phase of a
MBR reactor. Because triclosan and 17β-estradiol are very hydrophobic with log D value at
pH 8 of 4.13 and 4.93, respectively (Table 8.1), adsorption of these compounds to the
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biomass is expected to be significant. As a result, their adsorption to the activated sludge may
provide a buffering effect against the decrease in HRT as can be observed in
Figure 8.2b. Results presented in
Figure 8.2 suggest that changes in the removal of trace organic contaminants differ
significantly from those of basic water quality parameters such as TOC and TN. More
importantly, such changes can be dependent on the physicochemical properties of the specific
trace organic contaminants.
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Figure 8.2: Trace organic removal as a function of the hydraulic retention time (a)
pharmaceutical compounds (b) endocrine disrupting compounds. Error bars represent
standard deviation (n = 4).

8.3.2 Effect of DO on removal
8.3.2.1 Variation of TOC and TN removal
The DO concentration in the mixed liquor is a fundamentally important parameter in an
aerobic biological treatment process. In practice, the aeration system is usually designed to
maintain the DO level in the biological reactor at 2 mg/L [180]. In this study, only a marginal
effect of DO concentration on the removal of TOC could be observed Figure 8.3. Similar to
the observation previously reported by Wang et al.[177] the increase in DO concentration
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resulted in a small increase of TOC removal efficiency. Initially, DO was maintained at 1
mg/L and TOC removal was averaged at 87%. Then as the DO concentration was increased
to 5 mg/L, the removal of TOC gradually increased to 96%. On the other hand, the removal
of TN was not affected by the DO concentration in the reactor. The high TN removal
efficiency observed here is consistent with a previous study [173] and could be attributed to
the fact that the synthetic wastewater is deficient in nitrogen. This is because the synthetic
wastewater used in this study has a high C: N ratio. Results reported here are in good
agreement with the literature [177, 180]. In fact, it has been established that further increase
the DO concentration of more than 2 mg/L does not significantly influence the removal of
chemical oxygen demand or organic matter as measured by TOC. DO concentration represents
the amount of residual oxygen available to the microbial community. It is noteworthy that
the DO level may influence the diversity of the microbial population. However, analysis of
the actual composition of the microbial community in the reactor was beyond the scope of
this study.
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Figure 8.3: Effluent concentration and removal efficiency of (a) TOC (b) TN as a function
of DO concentration in the reactor.
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8.3.2.2 Variation of trace organic removals with DO concentration
The removal efficiencies of the ten model compounds, as a function of the DO concentration
in the MBR, are presented in Figure 8.4. Again, the ten model compounds were divided into
two groups based on their hydrophilic (log D < 3.2) or hydrophobic (log D > 3.2) properties
[173]. The removal of the hydrophilic compounds was not significantly influenced by the DO
concentration in the reactor. Removal efficiencies of naproxen, diclofenac and carbamazepine
were relatively constant. Both diclofenac and carbamazepine are known to be relatively recalcitrant
to biological treatment [164]. Therefore, their low and invariable removal efficiencies,
despite changes in the reactor DO concentration, are consistent with the results reported in
the previous section. Conversely, the removal efficiencies of ibuprofen and ketoprofen as a
function of the DO concentration appear to be variable. At DO concentration of 2 mg/L,
removal in the MBR was significantly enhanced for ibuprofen (94%) and then dropped to
58% at DO 5 mg/L. The removal of ketoprofen varied from 26% to 62% with the greater
performance achieved in the MBR when operated at the DO concentration of 2 mg/L.
Although the removal efficiency of sulfamethoxazole decreased from 91% to 87% as the DO
concentration in the reactor was observed to increase from 1 to 5 mg/L, this decrease was
very small and could be well within the experimental error margin of this study. Overall, the
results reported here indicated that increasing the DO concentrations did not significantly
influence the removal of hydrophilic compounds and that their behaviour was similar to that
of the organic matter in wastewater.
The DO concentration in the reactor appears to have considerable influence on the removal
efficiencies of the hydrophobic trace organic compounds selected in this study. Of a
particular note, the removal efficiencies of bisphenol A and estrone significantly reduced
from 82% to 39% and from 76% to 45% when the DO concentration increased from 1 to 5
mg/L, respectively. A small but nevertheless apparent decrease in the removal of both
triclosan and 17β-estradiol could also be observed as the DO concentration in the reactor
increased from 1 to 5 mg/L. Further study is required to systematically elucidate the
underlying reason for the dependence of the removal of hydrophobic trace organic
compounds on the DO content reported in Figure 8.4. Nevertheless, it is speculated that
changes in the microbial community in response to the increase in the DO concentration
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might be a factor leading to the decrease in the removal of hydrophobic trace organic
compounds. Jin et al. [181] studied the effect of DO concentration on the size and structure of
activated sludge flocs, and concluded that higher DO concentrations (2 – 5 mg/L) produced
larger sludge particles with better settling properties than lower DO concentrations (less than
2 mg/L). According to Jin et al., [181] the average particle sizes of the activated sludge were
2.07 and 5.28 µm under low and high DO conditions, respectively. It is possible that the
increase in the average particle size (or the decrease in surface area) and better settling
properties of the sludge as the DO concentration in the reactor increases would reduce the
adsorption of hydrophobic trace organic compounds to the biomass, thus, indirectly
influencing their removal efficiencies.
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Figure 8.4: Trace organic removal as a function of DO concentration (a) pharmaceutical
compounds (b) endocrine disrupting compounds. Error bars represent standard deviation
(n = 4).

8.3.3 Effect of temperature on removal
8.3.3.1 Variation of TOC and TN removal with temperature
The performance of the MBR system was evaluated at five different operational temperatures
(10, 15, 20, 25 and 30 °C), while the feed TOC and trace organics were constant at 260±20
mg/L and 2 µg/L respectively. Results reported in Error! Reference source not found.
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suggest that the removal efficiency of TN may be more sensitive to temperature changes than
that of TOC. The TOC removal efficiency at 10, 15 and 20 °C were mostly over 98% (Error!
Reference source not found.a). However, as the reactor temperature increased to 25 °C and

beyond, a small but nevertheless apparent drop in
the TOC removal efficiency was observed (Error! Reference source not found.a). The
impact of temperature on the removal efficiency of TN was more profound than that of TOC.
The decrease in the TN removal efficiency may also be attributed to the sudden variation in
operating temperature, rather than the actual temperature itself. In fact, the gradual decrease in the
removal efficiency of
TN had begun since the reactor temperature was increased from 10 to 20 °C (Figure 8.5b).
The performance of the MBR system in removing TOC can be governed by two distinctive
processes, namely the conversion of organic matter to biomass and membrane separation of
organics which can be bound to biomass. To further elucidate the impact of operating
temperature on the removal of carbonaceous organic matter, TOC concentration in
supernatant samples collected from the reactor were also examined. The TOC concentrations
in supernatant represented the removal efficiency in the bioreactor, while the TOC
concentrations in membrane permeate showed the total removal efficiency by the overall
MBR process. These two parameters can be distinguished measuring the TOC concentration
in the supernatant of the reactor and in the MBR effluent. Subsequently, the TOC removal by
the MBR (total or overall removal efficiency) and by the reactor only (biological removal)
can be calculated and the results are presented in (Table 8.2). The total TOC removal
efficiencies were over 98% when the mixed liquor temperature was between 10 and 20°C
(Table 8.2). The low mixed liquor temperature of 10°C in the bioreactor significant increases
viscosity as a result of rapid fouling (data not shown). The bioreactor was responsible for
only approximately half of the overall TOC removal. This is attributed to low temperature
resulting in lower rate of biodegradation. In contrast, at temperature between 20 and 30 °C
the biological degradation in the reactor was mainly responsible for (80-90%) the overall
TOC removal. The biodegradation of organic matter was substantially higher at higher mixed
liquor temperature (between 20 and 30°C). This resulted in high performance in removing
TOC of the bioreactor. The total TOC removal slightly reduced with the increase in
temperature from 25°C to 30°C (Table 8.2), which can possibly be attributed to the changes
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in the microbial population as the operating temperature approach the thermophilic threshold
[175]. The results of this study showed that temperature could influence the biodegradation of
carbonaceous organic compounds in the MBR process.
Table 8.2 : Biological removal (only by the reactor) and total (biological removal and
membrane separation) removal efficiency of TOC.
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Biological removal (only by the reactor) efficiency (%)
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Figure 8.5 : Effluent concentration and removal efficiency with the temperature (a) total
organic carbon (b) total nitrogen.
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8.3.3.2

Variation of trace organic removal with temperature

The influence of mixed liquor temperature on the MBR performance in removing the ten
model compounds was also investigated. As seen in Figure 8.6, pharmaceuticals including
ibuprofen and sulfamethoxazole were higher efficiently removed (up to 90%) than other
compounds regardless to temperature levels in bioreator. Similarly, higher removal efficiences
of 95% for estrone, 17β-estradiol, bisphenol A and triclosan were observed throughout the
temperature experiment.

Ketoprofen and naproxen were moderately removed with the

removal efficiency of average of 70% while low removal efficiency was observed for
diclofenac. As discussed above, the removal of both TOC and TN could be influenced by the
operating temperature to a considerable extent. However, it is interesting to note that
temperature had no discernible impact on the removal efficiency of the majority of organic
compounds selected in this study, with carbamazepine being the only exception. The removal
efficiency of carbamazepine increased to 51% and 46% as the temperature of the mixed
liquor reached 20 to 30 °C, respectively. On the other hand, the removal efficiencies of all
other compounds remained largely constant regardless of any changes in temperature within
the range from 10 to 30 °C investigated in this study.
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Figure 8.6: Trace organic removal as a function of temperature (a) pharmaceutical
compounds (b) endocrine disrupting compounds. Error bars represent standard deviation
(n = 4).

8.3.4 Effect of MLSS concentration on removal
8.3.4.1 Variation of TOC and TN removal with MLSS concentration
Figure 8.7 showed the removal of organic matters as a function of MLSS concentrations. At
the beginning of this experiment run, nitrogen in form of NH4(SO4)2 was added into feed
solution to adjust the nitrogen ratio of C:N to 100:10. However, it was observed that MBR
system was disturbed. As seen in Figure 8.7 there was increase in TOC effluent
approximatelyconcentration as a consequence of slightly dropped removal efficiency. However, the
removal efficiency turned to a stable condition after stopping nitrogen addition. Similar to TN
effluent concentration, there was low performance of MBR in removing TN whereas the MLSS
concentration was at 4 and 7 g/L (Figure 8.7b). After stopping NH4(SO4)2 addition, it appeared that
the TN concentration in effluent was slight reduction as a result of higher removal efficiency and
then MBR system was recovery (after MLSS concentration of 13 g/L). Considering the effect of
MLSS concentrations on the organic matter removal, it can be concluded that different MLSS
concentrations had no impact on the removal of organic matters.
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Figure 8.7: Effluent concentration and percent removals of (a) TOC (b) TN as a function of the
MLSS concentrations.

8.3.4.2 Variation of trace organic removal with MLSS concentration
The performance of a laboratory-scale MBR treating synthetic wastewater with model trace organic
compounds was investigated with various MLSS concentrations. At the beginning of the study, the
MLSS concentration was kept around 3 g/L. The MLSS was then gradually increased to 19 g/L and
then sludges were withdrawn to lower the MLSS concentration to 4 g/L. The MLSS concentration
was allowed to increase again to 13 g/L. Figure 8.8 showed removal efficiencies of
compounds as a function of MLSS concentrations throughout the MLSS experiment.
Ibuprofen and sulfamethoxazole were well removed by MBR (up to 95%) although removal
reduced in some periods and returned to the normal condition. Similarly, estrone, 17 βestradiol and triclosan were found with high removal efficiency regardless to MLSS concentrations.
Diclofenac, naprofen and carbamazepine were partially degraded, presenting removal
efficiencies ranging 2 to 35% whereas moderate removal of ketoprofen and bisphenol A were
observed. The removal ranges were highly variable from 34 to 76% and from 44 to 99 % for
ketoprofen and bisphenol A respectively. There were considerable variations in the removal
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efficiency of model compounds by MBR system. This phenomenon could be attributed to the
unstable SRT in the MBR system. Therefore, the results were not conclusive whether MLSS
concentration has any effects on the MBR performance regarding the removal of trace
organic contaminants.
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Figure 8.8: Trace organic removals as a function of MLSS concentration (a) pharmaceutical
compounds (b) endocrine disrupting compounds. Error bars represent standard deviation
(n = 2).
8.4

Conclusions

This study evaluated the influence of short term variations in operating conditions on the
removal of trace organic contaminants by MBR treatment. Results reported here reveal that
changes in the removal of trace organics in response to these operational variations in
operating may differ from those of bulk water quality measures such as TOC and TN. In
addition, such changes appear to be dependent on the physicochemical properties
(particularly hydrophobicity and bio-degradability) of the trace organic contaminants. Within
the range of 12 to 24 hours, there was no significant effect of HRT on the removal of TOC
and TN. However, a notable decrease in TOC and TN removal efficiencies was observed
with a HRT of 8 hours. Results reported here indicate that HRT could influence the removal
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of compounds which are readily biodegradable. On the other hand, highly recalcitrant or very
hydrophobic compounds were not significantly influenced by HRT. DO concentration in the
range of 2 to 5 mg/L was found to be effective for the operation of the MBR regarding the
removal efficiency of both TOC and TN. The removal efficiencies of TOC and TN were
consistently above 90% when the DO was maintained within 2 to 5 mg/L. Similarly, the
concentration of DO in the reactor had no obvious influence on the removal of the
hydrophilic trace organic compounds selected in this study. In contrast, the removal
efficiencies of all four hydrophobic compounds decreased as the DO concentration in the
reactor increased. An increase in the mixed liquor temperature resulted in a small decrease
the MBR performance in removing TOC and a significant decrease in TN removal. However,
temperature has no apparent impact on the removal efficiency of most model compounds
with carbamazepine being the only exception.
The removal efficiencies of selected trace organic compounds fluctuated considerably as the
MLSS concentration in the reactor varied. Several compounds such as ibuprofen,
sulfamethoxazole and 17β- estradiol were very well removed by the MBR treatment process
regardless to MLSS concentration. However, in this study, it was not conclusive whether
MLSS concentration would have any effects on the removal of trace organic compounds.
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9 CHAPTER 9 EFFECT OF SALINITY ON THE REMOVAL OF TRACE
ORGANICS
9.1

Introduction

High concentration or fluctuation in salinity is a challenge to biological treatment processes
in general. Possible examples of high salinity wastewater include seawater intrusion to
sanitary sewers, when coastal sewers are subjected to infiltration by sea water or when
industrial effluent discharged from high salinity process such as the seafood process, cheese
and canning, saline wastewater from shipboard and the biological treatment of RO
concentrate. The salinity was found that affected microbial in wastewater system. Moderate
to high salinities cause toxic effects on group of microbial which cannot adapted to high
salinity condition whereas high salinity (>1%) results in plasmolysis and/or loss of cell
activity [141, 182, 183]. In MBR system, the operational condition with high salinity is
another key issue concerning its performance. Therefore, the change in the water
characteristics can affect on the performance. There are some studies on effect of salinity on
the MBR performance focusing on the effect of salinity on sludge characteristics, membrane
permeability and effluent water quality. Reid et al. [184] found high salinity (up to 5 g/L)
significantly affected the physical and biochemical properties of activated sludge, increasing
SMP and EPS concentrations as well as decreasing membrane permeability. Similarly,
Sridang et al. [185] evaluated the MBR performance and structure of microbial community in
the reactor for the seafood processing wastewater treatment and reuse. They found that there
were good removal efficiencies in term of BOD and COD when an MBR system was used to
treat highly saline seafood processing wastewater and that the MBR system was capable of
tolerating a significant organic loading variation. It has also been reported that salt
concentration below 15 g/L had no effect on nitrification under a hybrid biofilm-suspended
biomass membrane bioreactor [186]. On the other hand, Sun et al. [142] confirmed that the
high salt concentrations could have significant effect on the membrane filtration process as a
result of reducing in permeability, higher fouling rates and decrease in the water quality of
effluent when system exposed to salt shock (up to 30 g/L). From the review, high salinity can
be expected to cause some effect the MBR performance in term of sludge characteristics,
organic matter removal and fouling. However, none has studied the influence of salinity on
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the MBR performance in term of trace organic removal. In this study, an experiment was
carried out to investigate the effect of sodium chloride on both the performance of MBR in
removing organic matters and trace organic contaminants.
9.2

Materials and methods

9.2.1 MBR set-up
A laboratory scale MBR set-up was used in this study. The MBR system consisted of a glass
reactor with active volume of 9 L, a continuous mixer, two air pumps, a pressure sensor, and
influent and effluent pumps. Two ZeeWeed-1 (ZW-1) submerged hollow fibre ultrafiltration
membrane modules supplied by Zenon Environmental (Ontario, Canada) were used in this
set-up. The membrane has a nominal pore size of 0.04 µm. Each module has an effective
membrane surface area of 0.047 m2. An electrical magnetic air pump (Heilea, model ACO
012) with a maximum air flow rate of 150 L/min was used to aerate the MBR set-up via a
diffuser located at the bottom of the reactor. Dissolved oxygen concentration in the reactor
was monitored daily and kept constant at 2 ± 1 mg/L by controlling the aeration flow rate.
Another small air pump was also used to provide a constant air flow rate through the
membrane module to reduce fouling and cake formation. Transmembrane pressure was
continuously monitored using a high resolution pressure sensor (±0.1 kPa) which was
connected to a personal computer for data recording. A Neslab RTE 7 equipped with a
stainless steel heat exchanging coil was used to maintain a constant temperature in the MBR
reactor. The personal computer was also used to control the permeate peristaltic pump to
operate on a 14 minutes suction and 1 minute off cycle to provide relaxation time to the
membrane modules. Flow rate of the influent pump was matched with that of the permeate
pump to maintain a constant reactor volume. The continuous mixer was used to ensure
homogeneous conditions of the mixed liquor and to prevent the settling of biomass.
9.2.2 Model trace organics
Nine compounds were selected for this study to represent four major trace organic groups of
concern in water reuse applications – namely pharmaceutical and personal care products
(ketoprofen, ibuprofen, naproxen, diclofenac, sulfamethoxazole and triclosan), steroid
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hormones (estrone and 17β estradiol) and industrial compounds (bisphenol A). The selection
of these model trace organic compounds was also based on their widespread occurrence in
domestic sewage and their diverse physicochemical properties (e.g. ionisable versus nonionisable, hydrophobicity and molecular weight). Molecular structures and physicochemical
properties of these trace organics are shown in Chapter 3 (Table 3.1). In addition, the intrinsic
hydrophobicity of these compounds varies significantly as reflected by their log D values.
The most hydrophilic compound is sulfamethoxazole with log D at pH 8 of -0.9 and the most
hydrophobic compound is triclosan with log D at pH 8 of 4.76. It is noted that carbamazepine
was initially included as model trace organic contaminants. However, later analysis revealed
a possible transformation resulting in data exclusion from the discussion. All selected trace
organic compounds were of analytical grade. A cocktail of stock solution was prepared in
pure methanol. The trace organic stock solution was kept in a freezer and was used within
less than a month.
9.2.3 Trace organic analysis
The analysis of the model trace organics was based on a method previously reported [124].
Analytes were extracted using 5 mL, 500 mg hydrophilic/lipophilic balance (HLB) cartridges
(Waters, Millford, MA, USA). Cartridges were pre-conditioned with 5 mL of tert-butyl
methyl ether (MTBE), 5 mL of methanol and 5 mL of reagent water. Samples were spiked
with a solution containing 50 ng of an isotopically labeled version of each analyte. The
sample was then loaded onto the cartridges at 15 mL/min, after which the cartridges were
rinsed with 5 mL of reagent water and dried with a stream of nitrogen for 30 min. Loaded
cartridges were stored at 4 °C in sealed bags under nitrogen until elution and analysis.
Analytes were eluted from the cartridges with 5 mL of methanol followed by 5 mL of 1/9
(v/v) methanol/MTBE into centrifuge tubes. The resulting extract was concentrated using
vacuum assisted evaporation to approximately 100 µL. The extract was brought to a final
volume of 1 mL with methanol.
Analytes were separated using an Agilent (Palo Alto, CA, USA) 1200 series high
performance liquid chromatography (HPLC) system equipped with a 150 x 4.6 mm, 5 µm
particle size, Luna C18 (2) column (Phenomenex, Torrence CA, USA). A binary gradient
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consisting of 5 mM ammonium acetate in water (A) and 100% methanol (B) at a flow rate of
800µL/min was used. For ESI positive analyses, the gradient was as follows: 10% B held for
0.50 min, stepped to 50% B at 0.51 min and increased linearly to 100% B at 8 min, then held
at 100% B for 2 min. For ESI negative analyses, the gradient was as follows: 10% B held for
0.50 min, stepped to 60% B at 0.51 min and increased linearly to 100% B at 8 min, then held
at 100% B for 3 min. A 5 min equilibration step at 10% B was used at the beginning of each
run. An injection volume of 10 µL was used.
Mass spectrometry was performed using an API 4000 triple quadrupole mass spectrometer
(Applied Biosystems, Foster City, CA, USA) equipped with a turbo-V ion source employed
in both positive and negative electro-spray modes. For each analyte and internal standard a
precursor ion and two product ions were monitored for reliable confirmation. Relative
retention times of the analyte and isotopically labeled internal standard were also monitored
to ensure correct identification [124].
Standard solutions of all analytes were prepared at 1, 5, 10, 50, 100, 500 and 1000 ng/mL. A
relative response ratio of analyte/internal standard over a 1 – 1000 ng concentration range
was generated enabling quantitation with correction for losses due to ion suppression and
incomplete SPE recovery. All calibration curves had a correlation coefficient of 0.99 or
better. The limit of reporting was determined using an s/n ratio of greater than 10.
9.2.4 Analysis of basic water parameters
Conductivity and pH were measured using an Orion 4-Star Plus pH/conductivity meter. Total
organic carbon (TOC) and total nitrogen (TN) were analysed using a Shimadzu TOC/TNVCSH analyser. TOC analysis was conducted in non-purgeable organic carbon (NPOC)
mode. Samples were kept at 4°C until analysed and calibrations were performed in the range
between 0 and 1000 mg/L and 0 to 100 mg/L for TOC and TN, respectively. MLSS and
MVLSS contents in the MBR reactor were measured in accordance to the Standard Methods
for the Examination of Water and Wastewater [123].
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9.2.5 MBR experimental protocol
This MBR experiment was performed at a constant HRT. The system was allowed to recover
to a normal condition after the proceeding experiment for 4 weeks in order to avoid effect of
accumulated trace organic contaminants. Prior to salt addition trials, the MBR system was
operated for establishing steady state. The performance of the MBR under steady state
condition was evaluated in term of effluent quality (pH, conductivity, TOC, TN) and sludge
characteristics (ratio of MLVSS to MLSS). Effluent samples were collected and analysed
every two days and sludge characteristics were carried out once a week. The aeration was
provided in the reactor at DO of 2±1 mg/L. The initial MLSS level was ~10 g/L. The average
TOC and TN influent concentrations were 526 and 26.6 mg/L, respectively. After the initial
start up process which lasted about a month, a small amount of sludge was regularly extracted
from the reactor to keep the sludge age at approximately 70 days. The hydraulic retention
time was set at 24 hours, corresponding to permeate flux of 4.3 L/m2h (or 6.7 mL/min). The
MBR reactor temperature was kept constant at 20.0±0.1oC.
Five different sodium chloride concentration loads of 1, 2, 4, 8 and 12 g/L were operated in
this experiment. Each load was investigated by measuring conductivity of feed solution and
effluent to confirm the steady state of salt condition in system. The reactor was maintained at
the steady stated for a period of 1-5 days with trial of salt concentration of 1 and 2 g/L and for
a period of 10-14 days with salt concentration ranging from 4 to 12 g/L.
Synthetic wastewater was used in this study to simulate high strength municipal sewage. The
concentrated synthetic wastewater was prepared and stored in a refrigerator at 4oC. It was
then diluted with MilliQ water on a daily basis to make up a feed solution containing glucose
(800 mg/L), peptone (150 mg/L), KH2PO4 (35 mg/L), MgSO4 (35 mg/L), FeSO4 (20 mg/L),
and sodium acetate (450 mg/L). This composition was based on a previous study by Zhang et
al. [147].
Once stable operation has been achieved, trace organic contaminants were spiked into the
feed solution each day to make up a concentration of approximately 2,000 ng/L of each
selected compound. The feed solution was kept in a stainless steel reservoir at room temperature
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(20±2oC). The collected effluent samples were kept in a dark room at -4 oC and solid phase
extraction was conducted within less than 48 hours. Removal efficiency was calculated as
 C Eff
R  100  1 
 C
Inf



 , where CInf and CEff are influent and effluent concentrations (ng/L) of



the trace organic compound, respectively. It is noteworthy that the term removal here does
not necessarily indicate complete mineralisation of the trace organics to carbon dioxide and
water.
9.3

Results and discussion

9.3.1 Effect of Salinity on removal
9.3.1.1 Organic removal
The variation of TOC in the MBR removal at different sodium chloride loading was depicted
in Figure 9.1. The average effluent TOC during the steady state was 4.37 mg/L showing a
removal efficiency of 99.2 %. Under sodium chloride of 1 g/L, TOC removal efficiency still
stable and was in the range of 98-99 % with the effluent TOC of 4.74 mg/L. The effluent
quality deteriorated at 2 g/L sodium chloride with the TOC removal efficiency dropping to
88.6 % with the effluent TOC of 58.9 mg/L. The lowest TOC removal of 87.4 % was
observed at the sodium chloride load of 4 g/L. The decrease in organic removal efficiency
with the increase in salt concentration might be due to inhibitory effect of salt on microbial
resulting in loss of metabolic activity and plasmolysis causing releasing of the intracellular
constituents and soluble microbial products [183]. This result was in good agreement with
Artiga et al. [186]. They found that lower COD removal efficiency was affected by high
salinity whereas Colunga and Martinez [187] reported only 37% COD removal in sequencing
batch reactors. However, TOC removal was stable in the range of 4 to 12 g/L. This can be
explained by the presence of adaptation of the sludge to hypersaline condition [186].
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Figure 9.1: TOC removal efficiency and TOC concentration in the effluent as a function of
feed solution salinity.

Figure 9.2 depicted the variation of TN in the MBR effluent at different sodium chloride load
conditions. During the steady state condition, the average TN in the effluent was 0.73 mg/L
with the high removal of 97.3% and also kept constant removal with sodium chloride
concentration of 1 g/L. TN removal efficiency was observed to decrease at the sodium
chloride load from 2 to 4 g/L of sodium chloride. The lowest TN removal of 70.9 % was
observed at the sodium chloride load of 4 g/L and then the removal efficiency of TN
recovered to the normal condition despite high load of sodium chloride up to 12 g/L. The
effluent TN decreased and corresponding effluent TN at 8 and 12 g/L were 0.87 and 0.91
mg/L, respectively. The decrease in TN removal efficiency with increasing sodium chloride
concentration was due to wash out of dead biomass and lysed cell constituents [188] and
inhibition of nitrification process [189].
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Figure 9.2: TN removal efficiency and TN concentration in the effluent as a function of feed
solution salinity.

The MLSS and MLVSS at different sodium chloride loads were compared in Figure 9.3. The
MLSS slightly increased at the steady state condition. The MLSS concentration increased
during the sodium chloride load ranging 1 to 2 g/L with the maximum MLSS concentration
of 11.8 g/L at sodium chloride load of 2 g/L. However, the decrease in MLSS to 10.9 g/L was
observed with the sodium chloride load of 4 g/L and gradually increased again with the
concentration load of sodium chloride ranging from 8 to 12 g/L. Like MLSS, the
concentration of MLVSS was as the same trend as the MLSS. The ratio of MLVSS/MLSS
was ranged from 0.88 to 0.98 throughout the experiment. It can be seen that the addition and
mixing of high salt concentration in the reactor resulted in the decrease in MLSS
concentration. This indicated there was the death of biomass in the reactor due to shock load
at the concentration of sodium chloride of 4 g/L.

This is confirmed that high salt

concentrations resulted in plasmolysis or cell death [188]. On the other hand, at higher
concentration of sodium chloride ranged from 8 to 12 g/L, there was no effect of salt on the
biomass concentration. Like the study of Hamoda and Al-Attar [190], they found that salt at
the NaCl concentration of 10 and 30 g/L had no impact on biomass growth inhibition and
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also increased biomass in activated sludge treatment. This may due to the adaptation of
selective microbial species to salt tolerate.
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Figure 9.3: Variation of biomass concentration in the bioreactor in response to changes in
feed solution salinity.

9.3.1.2 Trace organic removal
The performance of a laboratory-scale MBR treating synthetic wastewater with nine model
compounds was investigated at different sodium chloride load. Figure 9.4 showed the
removal efficiency in compounds throughout the salinity experiment. In the group of
pharmaceuticals in Figure 9.4a, salinity had no effect on the removal efficiency of these
compounds. High removal efficiencies of over 94% were observed for ibuprofen and
sulfamethoxazole whereas ketoprofen was found with moderate removal of 68%. As can be
seen in the steady state condition (no sodium chloride addition), ibuprofen and
sulfamethoxazole were very well removed in the MBR (up to 95%). Naproxen and diclofenac
was partially degraded, presenting removal efficiencies of 40 and 43%, respectively although
removal fluctuation in some periods. Similarly, estrone, 17 β-estradiol and triclosan were
found with high removal efficiency regardless to sodium chloride concentrations. On the
other hand, only bisphenol A was found that salinity may affect on the removal efficiency. As
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seen in Figure 9.4b, the removal efficiency gradually increased from 88 to 97% during
sodium chloride load ranging from 0 to 4 g/L. The dramatic decrease in removal of was
observed after adding sodium chloride concentration of 8 and 12 g/L, corresponding to the
removal of 88 and 71% respectively.
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Figure 9.4: Trace organic removal as a function of feed solution salinity (a) pharmaceutical
compounds (b) endocrine disrupting compounds. Error bars represent standard deviation
(n = 4).

Considering the performance of MBR system in removing organic matters at various sodium
chloride concentrations in this study, it can be seen that high salinity was capable to
deteriorate microbial floc in saline mixed liquor corresponding to slight decrease in removal
of TOC. Biomass concentration in the mixed liquor dropped slightly at salt concentration of 4
g/L and then recovered once the microbial population was able to acclimate to a saline
condition. Therefore, salinity concentration in this study had only small effect on the MBR
performance as the microbial population adapted to the saline condition despite high
concentration of salt affecting microbial activities. This implied that the salinity may not
directly affect the removal of trace organics in MBR system except for bisphenol A.
However, the reason of this compound removal is not fully clear yet.
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9.3.2 Soluble microbial products
This experiment was performed under stable operating conditions. The MBR system was
operated with a constant flux and no salt addition in the first 14 days, resulting in a stable
TMP profile and low membrane fouling (Figure 9.5). It is worth noting that salinity result in
increase in membrane fouling. When salt addition to increase the salinity of the feed solution
up to 4 g/L, the fouling was occurred slightly corresponding to higher TMP values and then
dramatic increase in fouling was found when the system was exposed to salt concentration of
8 g/L and 12 g/L respectively. This result is consistent with the study by Sun et al. [142].
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Figure 9.5: The evolution of transmembrane pressure (TMP).
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Figure 9.6 showed the concentrations of protein and carbohydrate in SMP at various sodium

chloride concentrations. It can be seen that after adding sodium chloride of 1 g/L, SMP
showed an increase in both protein and carbohydrate concentration. However, slight increase
in carbohydrate concentration whereas sharp increase in protein were observed during 2 g/L
of sodium chloride load. At the sodium chloride concentration of 4 g/L, highest concentration
of protein for SMP were observed and gradual decrease after adding sodium chloride
concentration of 8 and 12 g/L. However, the concentration of carbohydrate slightly
fluctuated throughout this study. Obviously, change in protein concentration appeared to be
more sensitive to salinity change than carbohydrate. With increasing sodium chloride up to 4
g/L, increase in SMP was observed. Nothing that the increase in salinity could increase the
solubility of protein as a result of higher SMP concentration. The increase in SMP was due to
plasmolysis and release of intracellular constituents, accumulation of unmetabolised and
intermediate products of incomplete degradation of organic substances [191] and polymer
production of some microbial for itself protection again toxic compounds [189, 191].
However, increase in salt concentration ranging from 8 to 12 g/L resulted reduction in protein
concentration. This may due to the steady change in the salt concentration during increasing
the salt concentration. In this stage, microbial could adapt to condition of higher salt
concentration. Therefore salt shock was not expected to occur.
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Figure 9.6: SMPs (protein and carbohydrate) in concentrate solution in the reactor.
9.4

Conclusions

This study investigated the effect of salinity on the removal of compounds by the MBR
system. Results indicated that changes in salinity ranging of 1 to 12 g/L have a small impact
but nevertheless discernible impact on the MBR performance regarding the removal TOC and
TN. The permeate concentration of TOC and TN increased slightly as the salinity of the
synthetic wastewater increased. A small decrease in biomass production was observed at salt
concentration of 4 g/L. However, the reported results also show that the microbial population
could adapt to saline condition as reflected by a gradual increase in biomass throughout this
experiment. The increase of SMP (protein) concentration resulted from disturbance in
microorganism behaviour and response to salinity variation. With the exception of bisphenol A,
discernible impact of salinity on the removal of nine trace organic contaminants selected in
this study.

159

Chapter 10 Conclusions

10 CHAPTER 10 CONCLUSIONS

This thesis investigated the removal of trace organic contaminants from municipal
wastewater by MBR treatment processes. The overall goal was to comprehensively
understand the MBR performance with respect to its capacity to remove trace organic
contaminants. The specific objectives of this research were:


to conduct a state-of-the-art critical review of literature on the trace organic
contaminants found in wastewater and determine the performance of MBRs
with regard to the removal of such trace organic contaminants.



to investigate the removal mechanisms with respect to physicochemical
properties of trace organics and their molecular structures.



to identify and investigate the likely effects of key operating parameters on the
performance of MBRs regarding the removal of trace organic contaminants.

This thesis began with a literature review to demonstrate the significant of available data and
to identify key points for subsequent investigation. The literature review was also updated to
include most recent findings relevant to this thesis. A comprehensive list of forty organic
compounds representing three major groups of trace organic contaminants natural and
synthetic steroid hormones, EDCs and PPCPs were used for study the role of molecular
properties of forty compounds on the removal. Subsequently ten compounds representatives
of the three major trace organic groups were selected for further investigation. The research
was conducted with two laboratory scales of MBR system set-ups.
The structure of this thesis was based on the overall operation of MBR systems throughout
the study over two years: the preliminary experiment using the first MBR system to
investigate the removal of two selected compounds namely bisphenol A and sulfamethoxazol
(Chapter 4). The second MBR system was used for all subsequent studies and the reported
results include: the overall basic biological performance of the MBR systems (Chapter 5), the
role of molecular properties of trace organics on the removal (Chapter 6), effect of mixed
liquor pH (Chapter 7), effect of operating conditions (Chapter 8) and effect of salinity on the
removal (Chapter 9).
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In order to understand the MBR performance regarding the removal of trace organics, two
model compounds namely bisphenol A and sulfamethoxazol were selected to investigate
removal mechanisms in Chapter 4. The results indicated that the physicochemical property of
specific compounds in term of log Kow could strongly affect the removal efficiency. In
general, hydrophobic and highly biodegradable compounds would be well removed by MBR
treatment. On the other hand, lower removal efficiency was found with the negatively
charged sulfamethoxazole compound due to the absence of the adsorption process. Therefore,
biodegradation appeared to be a dominant removal mechanism for certain compounds in this
group. However, a wider range of compounds were selected to further investigate in the
subsequent chapters.
Results reported in Chapter 5 showed that MBR could consistently offer high quality effluent
regarding to basic biological performance parameters. However, performance of the MBR
varied considerably under extreme conditions (e.g. mixed liquor pH, temperature, influent
salinity and HRT). The results suggest that these extreme conditions may affect microbial
activities and result in a lower biological performance. However, the MBR performance
could recover after returning to a normal condition within less than a month.
In Chapter 6, the connection between specific molecular features and removal efficiency was
systematically demonstrated using a set of 40 trace organic compounds. The reported results
showed that hydrophobicity and molecular structure of the trace organics correlated well to
their removal efficiency. A qualitative framework based on the obtained experimental data to
predict the removal efficiency of trace organics was proposed. Hydrophobic compounds with
log D at pH 8 > 3.2 were consistently removed by the MBR system at 85-98%. On the other
hand, the removal efficiency of all other compounds with log D of pH 8 < 3.2 is dependent
on their molecular structures. Low removal efficiency (below 20%) could be predicted if the
compound contains electron withdrawing functional groups whereas compounds possessing
electron donating functional groups have tendency to result in high removal efficiency.
The effects of mixed liquor pH (5 to 9) on the removal of trace organic compounds by a
submerged MBR system were investigated in Chapter 7. Removal efficiencies of ionisable
compounds were strongly pH dependent. However, the underlying removal mechanisms are
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different for ionisable and non-ionisable compounds. High removal efficiencies of these
ionisable compounds at pH 5 could possibly be attributed to their speciation behaviour. At
this pH, these compounds exist predominantly in their hydrophobic form. Consequently, they
could readily adsorb to the activated sludge, resulting higher removal efficiency in
comparison to under less acidic condition in the reactor. Removal efficiencies of two nonionisable compounds bisphenol A and carbamazepine were relatively independent of the
mixed liquor pH. Results reported suggest that an apparent connection between
physicochemical properties of the compounds and their removal efficiencies by MBRs.
The influence of short term variations in operating conditions namely HRT, DO
concentration, temperature and MLSS concentration on the removal of trace organic
contaminants by MBR treatment was reported in Chapter 8. Results reported here reveal that
changes in the removal of trace organics in response to these operational variations in
operating may differ from those of bulk water quality measures such as TOC and TN. In
addition, such changes appear to be dependent on the physicochemical properties
(particularly hydrophobicity and bio-degradability) of the trace organic contaminants. Within
the range of 12 to 24 hours, there was no significant effect of HRT on the removal of TOC
and TN. However, a notable decrease in TOC and TN removal efficiencies was observed
with a HRT of 8 hours. Results reported here indicate that HRT could influence the removal
of compounds which are readily biodegradable. On the other hand, highly recalcitrant or very
hydrophobic compounds were not significantly influenced by HRT. DO concentration in the
range of 2 to 5 mg/L was found to be effective for the operation of the MBR regarding the
removal efficiency of both TOC and TN. The removal efficiencies of TOC and TN were
consistently above 90% when the DO was maintained within 2 to 5 mg/L. Similarly, the
concentration of DO in the reactor had no obvious influence on the removal of the
hydrophilic trace organic compounds selected in this study. In contrast, the removal
efficiencies of all four hydrophobic compounds decreased as the DO concentration in the
reactor increased. Considerable effect of temperature on the removal of TOC and TN was
observed in this study. An increase in the mixed liquor temperature resulted in a small
decrease the MBR performance in removing TOC and a significant decrease in TN removal.
However, temperature has no apparent impact on the removal efficiency of most model
compounds with carbamazepine being the only exception. Likewise, MLSS concentration in
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the reactor did not show any substantial effects on the removal efficiency of the selected trace
organic contaminant. The corresponding effects on trace organic removal appeared to be
limited.
In Chapter 9, the variation in influent salinity ranging from 1 to 12 g/L resulted in a small
impact on the basic biological performance of the MBR. However, this variation in the
influent salinity did not exert any substantial effects on the removal of trace organics.
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11 CHAPTER 11 RECOMMENDATION FOR FURTHER RESEARCH

In this research, the removal efficiency of trace organic contaminants was investigated in a
laboratory scale MBR to elucidate the removal mechanisms and factors governing the
removal efficiency in MBR system. The findings indicate the physicochemical properties and
molecular structures are crucial parameter affecting the removal efficiency whereas the
operating conditions were minor influence on the removal. The research focused on the
removal of trace organic contaminants using a synthetic wastewater. The removal of nutrient
in form of nitrogen was not taken into account. For the more applicability to realistic system,
more experiments are suggested by using real domestic wastewater. The measurement of
nitrogen in other forms should be measured. The removal mechanisms by adsorption need
further investigation, particularly a systematic quantification of the adsorption of trace
organic onto sludge. In depth laboratory experiments to measure the rate adsorption of trace
organic compounds to activated sludge are also highly recommended.
MBRs appear to be a very robust treatment technology for moderately biodegradable and
hydrophobic trace organic contaminants. However, some recalcitrant trace organics cannot be
effectively removed by MBR treatment. In order to achieve an overall enhanced performance,
the combination of MBR with other complementary technologies such as nanofiltration and
reverse osmosis filtration is suggested.
Last but not least, the development a mathematical model based on the qualitative framework
presented in Chapter 6 is strongly recommended. Such a model can potentially allow for an
accurate prediction of the removal of trace organics by MBR treatment, and thus would be of
significant interest to water recycling and wastewater treatment.
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14 APPENDEX A
Dissolved Oxygen Distribution in the Bioreactor

Before starting experiment, the DO concentration was investigated and measured at the top
(2.5 cm from water surface level), middle and bottom positions of the bioreactor (Figure A).
The DO concentration values were shown in Table A.
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Figure A: DO measurement at different positions in the reactor.
Table A: DO values measured at different points in the reactor

DO measuring
position
1
2
3
4
5
6
7
8
9
10
11
12
Average DO

Day 1

Day 2

Day 3

Day 4

2
1.9
2.1
2.1
2
1.9
1.8
1.7
1.7
1.7
1.7
1.7
1.8

4.3
4.2
4.1
4.3
4.1
3.5
3.5
3.6
3.9
3.8
3.9
3.9
3.8

4
3.8
4.1
4
4.1
3.6
3.6
3.7
3.7
3.7
3.7
3.7
3.8

1.4
1.3
1.5
1.3
1.4
0.9
1.0
1.0
1.1
1.1
1.0
1.0
1.2
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15 APPENDIX B
Equilibrium Time of the Reactor

Fluoride is often present as a wastewater contaminant. There are a few published data
reporting that its inhibitory effect to microbial populations present in wastewater treatment
systems [192, 193] .Therefore, in order to investigate the equilibrium time of the compounds
in reactor, the fluoride ion was selected as a representative of trace contaminants in this
experiment.
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Figure B.1: Calibration curve of fluoride ion concentration.

In order to investigate the amounts of fluoride ion in permeate. A series of standard fluoride
solution were prepared with 0.5, 2.5, 5, 10, 25 and 50 mg F- /L with a constant amount of
TISAB in each. Ion-Selective Electrode for fluoride ion (ELIT 8221 crystal membrane) with
reference electrode: single junction silver chloride (ELIT 001) was utilized to measure the
fluoride ion in form of U/mV following the low to high concentration of standard Frespectively. The fluoride ion concentration (in mg F-/L) was determined from a calibration
curve obtained as seen in Figure B.1.
Fluoride stock solution of 1000 mg F-/L was prepared and then was diluted to 25 mg/L. The
solution was spiked into the influent vessel containing synthetic wastewater. The effluent
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samples were collected following time series. The fluoride ion was measured by ion-selective
electrode. The results were demonstrated in Figure B.2.
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Figure B.2: The concentration of fluoride ion was detected in effluent in equilibrium time.

It can be seen that the concentration fluoride ion increased with time. At a 53th hour, the
fluoride level about 100% can be detected in effluent. Therefore, it was assumed that the
compounds of interest reached equilibrium time in reactor more than two days. Therefore,
sample collection should be taken every 2 and 4 days after spiking them into the synthetic
wastewater.
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